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ABSTRACT
Brass, Margaret Mary. M.S.B.M.E., Purdue University, May 2014. Biomechanical
and Morphological Characterization of Common Iliac Vein Remodeling: Effects of
Venous Reflux and Hypertension. Major Professor: Ghassan Kassab.
The passive properties of the venous wall are important in the development of
venous pathology. Increase in venous pressure due to retrograde flow (reflux) and
obstruction of venous flow by intrinsic and extrinsic means are the two possible
mechanisms for venous hypertension. Reflux is the prevailing theory in the etiol-
ogy of venous insufficiency. The objective of this thesis is to quantify the passive
biomechanical response and structural remodeling of veins subjected to chronic ve-
nous reflux and hypertension. To investigate the effects of venous reflux on venous
mechanics, the tricuspid valve was injured chronically in canines by disrupting the
chordae tendineae. The conventional inflation-extension protocol in conjunction with
intravascular ultrasound (IVUS) was utilized to investigate the passive biomechan-
ical response of both control common iliac veins (from 9 dogs) and common iliac
veins subjected to chronic venous reflux and hypertension (from 9 dogs). The change
in thickness and constituent composition as a result of chronic venous reflux and
hypertension was quantified using multiphoton microscopy (MPM) and histological
evaluation. Biomechanical results indicate that the veins stiffened and became less
compliant when exposed to eight weeks of chronic venous reflux and hypertension.
The mechanical stiffening was found to be a result of a significant increase in wall
thickness (p < 0.05) and a significant increase in the collagen to elastin ratio (p <
0.05). After eight weeks of chronic reflux, the circumferential Cauchy stress signif-
icantly reduced (p < 0.05) due to wall thickening, but was not restored to control
xiii
levels. This provided a useful model for development and further analysis of chronic
venous insufficiency and assessment of possible intervention strategies.
11. INTRODUCTION
1.1 Anatomy of the Healthy Venous System
The circulation of blood is a closed loop circuit which is comprised of a high
pressure arterial system and a low pressure venous system. The arterial and venous
systems are connected through microscopic exchange vessels called capillaries. Ar-
teries and veins are the conduits that transport blood to and from tissues located
throughout the body. [1]. The primary function of the arterial system is to deliver
oxygen-rich blood to the body, while the primary function of the venous system is to
return deoxygenated blood to the heart [2]. Deoxygenated blood within the systemic
circulation may return to the heart through three pathways: the coronary sinus, the
superior vena cava, and the inferior vena cava.
The deoxygenated blood from the veins of the lower extremities (i.e. the legs),
which are the primary focus of this thesis, return to the heart through the inferior
vena cava. The veins of the lower limbs are divided into three subcategories: the
superficial veins, the deep veins, and the perforating veins [3]. The superficial veins
lie above the fibrous tissue enclosing the muscles of the leg (muscular fascia) and
drain the micro-vessels located between the skin and deep muscular fascia; while the
deep veins lie beneath the muscular fascia and serve as the primary collecting veins.
The perforating veins, located in the thigh and lower leg, connect the superficial veins
to the deep veins. The deep veins then allow for the blood in the lower extremities
to be drained into the inferior vena cava and returned to the heart.
Figure 1.1 depicts the major veins of the lower extremities. Venous blood from the
superficial veins and the deep calf veins drain into the femoral vein. The femoral vein
converges with the common iliac vein and the common iliac veins drains the venous
2Connexions module: m46646 42
region, including the umbilical veins that run on either side of the bladder. The external and internal iliac
veins combine near the inferior portion of the sacroiliac joint to form the common iliac vein. In addition to
blood supply from the external and internal iliac veins, the middle sacral vein drains the sacral region
into the common iliac vein. Similar to the common iliac arteries, the common iliac veins come together
at the level of L5 to form the inferior vena cava.
Figure 21 (Major Veins of the Lower Limb ) is a ﬂow chart of veins ﬂowing into the lower limb. Table 13
summarizes the major veins of the lower limbs.
Major Veins Serving the Lower Limbs
Figure 20: Anterior and posterior views show the major veins that drain the lower limb into the inferior
vena cava.
http://cnx.org/content/m46646/1.3/
Fig. 1.1. Anterior and posterior views showing the major veins of the
lower extremities that drain into the inferior vena cava [1].
blood from he lower extremities into the inferior vena cava [4]. The vessel studied
throughout this thesis is the common iliac vein.
1.1.1 Mechanisms of Venous Return
The volume of blood which returns to the heart is referred to as venous return. In
the upper extremities, gravity serves as a mechanism of venous return to the heart.
However, in the lower extremities, gravity causes the blood to accumulate when in the
3standing posture. The accumulation created by gravity is a deterrent of venous return.
Under normal circumstances, the pressure at the venous end of the capillaries is
between 12 and 18 mmHg [5]. Gravity, when standing, can cause blood to accumulate
and the venous pressure in the lower extremities to significantly rise. This increase is
due to the fact that venous pressure is determined by two components: a hydrostatic
component and a hydrodynamic component [6]. The hydrostatic component of venous
pressure is a result of gravitational forces and is related to the weight of the column
of the blood [7]. The hydrodynamic component, on the other hand, is not related to
gravity, but to the pressure generated by the contraction of the skeletal muscles of
the leg [6]. In summary, the hydrostatic component of pressure is responsible for the
increase in venous pressure when standing [8].
Dividing the hydrostatic column into segments prevents an increase in venous
pressure. A series of bicuspid (two leaflets) valves are located throughout the deep
and superficial veins which divide the hydrostatic column of blood into segments [9].
In addition to the venous valves, the veins of the lower extremities are surrounded by
muscles. These muscles serve as pumps. When they contract the blood is propelled
within the veins towards the heart. The muscle pump in conjunction with the one way
venous valves permit blood flow towards the heart and prevent retrograde flow. These
two mechanisms of venous return lead to an emptying of the deep and superficial veins
and a fall in overall venous pressure [6].
1.1.2 Structure of the Vein
As summarized above, the venous system is a low pressure system whose primary
function is to return the venous blood to the heart, using a system of valves and a
muscle pump. Despite the functional differences of arteries and veins, all major blood
vessels consist of three primary layers: the intima, the media, and the adventitia.
Figure 1.2 illustrates the structural similarities and differences of the arteries and
veins.
4 Large vein
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Fig. 1.2. Illustration of the structure of arteries and veins [1].
The main constituents that make up the layers of both the arterial and venous wall
are endothelial cells (ECs), collagen, elastin, vascular smooth muscle cells (VSMCs),
and ground substances. Due to the lower pressures seen in veins, the configuration
of the five main constituents within each layer of the vein differs from that of the
artery [10]. The venous intima consists of a thin continuous monolayer of ECs laying
on the basal lamina. However, a clearly defined intima only exists in large veins
because the intima of large veins may also contain a thin band of connective tissue
beneath the endothelial basal lamina [11].
5The media layer of the vein is relatively thin. However, it contributes to the vessel
properties more significantly than the intima or the adventitia do [12]. The media
is composed of one or more layers of VSMCs interspersed with collagen, elastin, and
ground substances [11]. The layer(s) of VSMCs are circumferentially oriented and
allows the vein to constrict and dilate in response to pressure [13]. Circumferentially
aligned collagen is the predominate component of the extracellular matrix (ECM)
of the media [14] and prevents the vein from excessive dilation [13]. Media elastin
allows for the vein to expand with pressure in order to maintain adequate blood flow;
however, elastin is scare in the medial layer of veins [13]. Lastly, the adventitia is the
outermost layer of the vein and is the thickest of the three layers in the healthy vein.
It consists mostly of circumferentially oriented collagen interspersed with bands of
elastin fibers [11].
The predominant structural differences between the veins and arteries are the
significant absence of elastin in the media and the overall thickness of the vessel
wall [15, 16]. The arterial wall contains more VSMCs and elastin than the venous
wall and is thicker than the corresponding venous wall. However, the veins thinner
walls contain a larger amount of inextensible collagen [15]. Despite the larger amounts
of inextensible collagen and lower amounts of VSMCs and elastin, the venous wall is
more distensible than the arterial wall. This indicates that the thinness of the venous
wall promotes higher distensibility of the veins more significantly than the ratio of
collagen and elastin [13].
1.2 Chronic Venous Insufficiency
Beebe et al. found that Chronic Venous Insufficiency (CVI) can compromise
the strength of the vein wall by altering the collagen and elastin content [4]. CVI
is a condition that effects the venous system of the lower extremities with venous
hypertension causing various sequelae including pain, swelling, edema, skin changes,
and ulceration [3, 17]. CVI affects 10 to 35% of the adult population in the United
6States [18]. Annually, 1 to 3% of the total health care budget is spent on CVI
related treatment [7]. The socioeconomic impact of venous ulceration is dramatic.
Venous ulceration impairs an individuals ability to engage in social and occupational
activities. This impairment not only impacts the patients quality of life but imposes
financial constraints [3], ∼2 million work days are lost annually in the United States
[19].
Reflux (venous retrograde flow) due to venous valve incompetence is the prevailing
theory in the etiology of venous hypertension [4, 6, 20, 21]. Venous hypertension is
primarily due to incompetent valves, but secondary causes are obstruction of venous
outflow, or failure of the muscle pump [22]. Venous hypertension depends upon
the hydrostatic and hydrodynamic pressure components. When valve failure occurs,
the venous pressure in surrounding tissue and capillaries rises. Increased venous
hydrostatic pressure causes a shift in the venous hemodynamics with changes in wall
shear stress [23]. This initiates the inflammatory cascade [24]. Pascarella et al.
reported that the inflammatory response increases as the reflux rate increases [24].
Pathologic changes in the valves and venous wall are linked to venous hypertension
and leukocyte infiltration and activation [7].
Venous reflux through incompetent venous valves is the primary cause of the
venous hypertension that underlies the clinical manifestations of CVI [3, 25]. Pas-
carella et al. and Dalsing et al. have both developed animal models of venous
insufficiency [24, 26]. Pascarella et al. created a rat model of venous insufficiency
by constructing a femoral arteriovenous fistula [24], while Dalsing et al. developed
a canine model of venous insufficiency by disrupting the venous valves of the hind
limb [26].
Pascarella et al. reported that the formation of the arteriovenous fistula produced
an immediate ∼10-fold increase in venous pressure (96 mmHg vs. 9 mmHg) and
dilation of the distal veins. Detectable reflux flow was not immediately observed and
was not substantially detected until several days post-surgery. The increased reflux
mirrored progressive changes in the venous valve morphology. Bergan et al. reported
7that this model demonstrates that prolonged venous hypertension leads to valvular
incompetence and eventually complete cusp destruction [25]. Histology showed that
thickening and fibrosis of the venous wall became present after 3 weeks [24]. Pascarella
et al. findings indicate that the inflammation cascade was initiated as a result of
the venous hypertension. The ∼10-fold increase in venous pressure obtained in this
model is a major pressure increase due to reflux. This is a result of the arteriovenous
fistula and the introduction of arterial pressures and flow. However, increases of that
magnitude do not mimic the natural reflux in the low pressure venous system. There
exists a need for a model which mimics the hemodynamic conditions associated with
venous reflux more accurately.
Dalsing et al. disrupted the venous valves of the hind limb by introducing a
vavulotome. This model allows for short-term studies of venous insufficiency to be
conducted in the anesthetized up-right position. Significant reflux was only observed
when the animals were in the up-right position or walking on their hind limbs. Even
after the venous valves were disrupted, normal hemodynamic measurements were
recorded during quadruped walking. Unlike humans, canines do not exhibit a large
hydrostatic pressure in their lower limbs. Therefore, disruption of the venous valves
does not affect a quadruped as significantly as it would a biped unless the animal is
forced to act as a biped [26]. Thus, this is a conditional model, since in the animals
normal anatomical position, hemodynamic changes from baseline were not observed.
No current animal model mimics the human ability to walk upright [27]. Therefore,
there exists a need for an animal model which induces venous reflux in the animals
normal anatomical position (on all four legs). Lastly, no biomechanical tests have
been performed on the veins of either model [24–26]. No data exists on the passive
biomechanical response of venous tissue subjected to chronic venous hypertension due
to reflux.
81.2.1 Venous Hypertension
Venous hypertension causes the various sequelae associated with CVI [3]. Hyper-
tension is defined as abnormally elevated blood pressure. It has been well documented
through experimental studies and clinical observations that arteries remodel as a con-
sequence of increased wall stress due to chronic arterial hypertension [28]. Watts et al.
reported that the remodeling seen in arteries includes a reorganization of the struc-
tural support provided by the extracellular matrix as well as wall hypertrophy [29].
Wall hypertrophy, the thickening of the vessel wall, is the primary biomechanical phe-
nomenon that occurs in response to arterial hypertension. Thickening of the arterial
wall restores the circumferential Cauchy wall stress to a normal, control level, but it
also creates an arterial wall that is thicker and less compliant [29].
Unlike arteries, there is a dearth of information related to the effects of chronic
venous hypertension upon venous wall mechanics [30]. Venous hypertension can be
induced by vessel constriction [31], gravitational loading [8, 32, 33], volume overload
[29], and arteriovenous fistulas [24]. Monos et al. and Watt et al. both have reported
that the wall thickness of the vein does not change when venous hypertension is
induced [8, 29, 32, 33]. Monos et al. results did show that the external diameters
were larger in the hypertensive animals than the control animals when compared at
the same pressure. Although Monos et al. did not observe wall thickening, the wall
still was found to be stiffer in the hypertensive animals. Contradictory to Monos et
al. and Watt et al., Hayashi et al. reported a significant increase in wall thickness
as soon as one week after hypertension was created. This increase in wall thickness
was found to restore circumferential Cauchy wall stress to the control level [31]. In
later studies, Hayashi et al. reported that the remodeling phenomena observed in
the femoral vein due to hypertension was similar to those observed in hypertensive
arteries [30]. Hayashi et al. concluded that when the vein is chronically exposed to
a 2-fold increase in blood pressure, due to vessel constriction, circumferential wall
stress is rapidly restored to the control level due to wall thickening and structural
9remodeling. Choy et al. also observed that the coronary vein transformed from a
thin-walled, large lumen vessel to a thick-walled, smaller lumen vessel in response
to elevated pressures [34, 35]. The increase in thickness was found to decrease the
circumferential Cauchy stress.
There is no consensus on how the venous wall reacts to chronic venous hyper-
tension. The current literature reports that venous stiffness and thickness increases,
decreases, and remains the same with hypertension. This may be due to the inher-
ent differences between the various animal models, vessels studied, and periods of
development of hypertension.
The remodeling phenomena observed in vein grafts are much different from those
seen in the veins in hypertension models induced by gravitational loads or vessel
compression. As veins are introduced into the arterial system for use as a bypass
graft they undergo a significant change in biomechanical environment. Severyn et
al. reported increases in intraluminal pressure, blood flow and cyclic loading due
to pulsatility [36]. Monos et al. reported that the wall thickness of the vein graft
increases substantially within a few days and rearrangement of the structure occurs
[37]. Owens et al. used standard duplex to surveillance the lumen diameter and pulse
wave velocity (PWV) of lower venous grafts implanted in humans. Results showed
that a 65% increase in overall stiffness of the vein graft wall occurred during the first
six months after implantation. However, the stiffness did not change significantly
during the first month post implantation of the graft [38]. Dobrin et al. observed,
after three months, canine vein grafts dilated in absolute size, but retained distensible
at low pressure and virtually indispensable at pressures above 35-50 mmHg [39].
Intimal hyperplasia and medial thickening are the two structural changes which
occur in vein grafts [39]. Dorbin et al. concluded that the intimal hyperplasia and
medial thickening are the results of two different stimuli. The intimal hyperplasia
may result from abnormal flow characteristics at the blood-intima interface, while
the medial thickening is likely due to the arterial pressure [39]. Again, there is an
inherent difference between the various animal models, vessels studied, and periods
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of development of hypertension. However, studies on vein grafts consistently show
wall thickening and stiffness under arterial pressures and flow conditions.
In conclusion, venous hypertensive models are typically small animal models (i.e.
rat and rabbits) which produce a static 2-fold increases in venous pressure. The
present data is inconclusive as to whether or not the venous wall thickens due to
venous hypertension. On the other hand, venous grafts consistently show wall thick-
ening and stiffness due to the increases in intraluminal pressure, blood flow and cyclic
loading due to pulsatility that are associated with being introduced into the arterial
system. Vein graft studies are not translational to CVI. Veins affected by CVI, may
experience pulsatile flow and increases in pressure but not to the degree of the artery.
There exists a need for a venous hypertensive large animal model induced by chronic
venous reflux.
1.3 Biomechanics
The major question this thesis sets out to answer is: how does the venous wall
of the common iliac vein remodel in response to chronic venous hypertension due
to chronic venous reflux. The objective of biomechanics is to develop, adapt, and
apply the laws, theories, and principles of mechanics to answer questions of clinical
importance like this one [28]. Vascular biomechanics is a specialty area which seeks to
increase the understanding of the physiology and pathophysiology of the vasculature.
Many of the basic concepts of vascular biomechanics are well established. Advance-
ments in the field are due to investigation of the responses of specific vascular tissue
to applied loads. The biomechanical properties of vascular tissue and their underlying
microstructure can aid in the understanding of the basic function of the vessel as well
as the development of disease pathology [40]. Compared to the arterial tissue, the
investigation of biomechanical properties of the venous tissue is limited. Venous wall
biomechanics is decades behind the understanding of the arterial wall [15]. However,
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there has been a growing interest in the venous physiology and pathophysiology due
to increasing incidences of venous disease [37].
A substantial part of vein function is dependent on its mechanical characteristics
and reaction to mechanical forces. Continuum mechanics-based constitutive relations
are used to describe a materials behavior under specific conditions of interest. The
key concepts of continuum mechanics are stress (force/area), strain (a dimensional
change/reference dimension), and rate of deformation; while conservation of mass,
momentum, and energy are the governing physical laws [41].
Kinematics is an important component in the understanding of continuum me-
chanics. Kinematics is the study of motion. In vascular biomechanics, motion refers
to how the position of a point within a particular configuration of a tissue has changed
relative to its position in a reference configuration. Simplistically, motion refers to
the displacement experienced by a particular point on the tissue [28]. The three
configurations of interest are: the zero stress condition, the no load condition, and
the loaded condition. Figure 1.3 shows the cross-sectional representation for all three
configurations. The no load condition (state 1) is the configuration in which there is
zero transmural pressure and zero axial load [42]. The zero stress condition (state 0)
is the configuration produced when a vessel in the no load condition cut is radially.
When veins are cut and examined histologically, there is defect in the circumferential
integrity of the vessel wall, usually referred to as opening of the ring. This result
is due to residual stress. Residual stress is the stress that exists in the wall in the
absence of applied loads [43–47]. This opening of the ring (open angle) implies that
in the no load condition, the inner wall is in compression while the outer wall is in
tension [48]. Thus, the zero stress condition is the configuration in which there is zero
transmural pressure, zero axial load, and zero residual stress [49]. Lastly, the loaded
condition (states 2, 3 . . . N) is the condition in which the vessel is under transmural
pressure and axial force. Each time either the pressure and/or axial stretch is changed
a new loaded condition is produced [42].
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Introduction 
In the study of vascular elasticity the unloaded state (one 
with zero transmural pressure and zero axial load) is common-
ly used as the reference state in which stresses and strains are 
considered as zero everywhere. Strains at loaded states are 
defined with respect to this state. Stress-strain relationships 
are identified under the assumption that the vessel wall is 
stress-free at this unloaded state. 
Evidence of the existence of residual stresses in the arterial 
wall at the unloaded state is given in Fung [4]. With a 
longitudinal cut along the vessel wall the unloaded specimen 
springs open and its cross section becomes a sector. The open-
ing angle of the vessel wall is time-dependent after the sudden 
relief of the initial residual stress. It shows that the artery is 
not stress-free at the unloaded state. 
It is important to identify the stress-free state. When we use 
pseudoelasticity [3] to characterize the arterial wall, we need a 
stress-free state as the reference state for strain measurements. 
Correspondingly, we also want to define stress with respect to 
this same reference state so that we can relate stresses to 
strains easily. Presence of the residual stress at the unloaded 
tube state will certainly affect the evaluation of stress distribu-
tion in the arterial wall due to actual loadings in the 
physiological range. 
In this note we present a method to describe the geometry of 
the opened-up stress-free state of the artery, which is taken to 
be the reference state. An algorithm is outlined for the iden-
tification of the stress-strain relationship of the arterial wall. 
Residual stresses, and strains in the unloaded tube are 
evaluated. With the consideration of residual stresses the 
stress distributions due to loadings in the physiological range 
are also evaluated. 
Method 
Geometric Description of the Stress-Free State. The artery 
is considered as a cylindrical tube whose wall material is 
homogeneous and cylindrically orthotropic [7]. Under this 
hypothesis, at the removal of residual stress from the unload-
ed state, the vessel wall should become a sector of constant 
curvature and thickness. Noncircular opened-up configura-
tion similar to the photo of reference [4] are often obtained, 
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however. It can be due to adventitia tethering, experimental 
fixation handling difficulties, or other violations of the 
assumptions. In the following, a method is proposed to deter-
mine the effective radii and the effective angle for the stress-
free reference state from the noncircular opened-up configura-
tion taken from experiments. 
Figure 1 shows the idealized vessel wall configurations at 
various states. We shall call the stress-free reference state as 
state 0, the unloaded state as state 1, and the subsequent load-
ed states as state 2, 3, . . N. With cylindrical polar coor-
dinates, a material point is denoted as (R, 0 , Z) in the state 0 
and (/•, 6, z) in the states 1 ,2 ,3 , . .N. The subscripts / and e in-
dicate the internal and external wall radii at various states. 0O 
represents half of the angle of the arterial wall at the stress-
free state 0. 
The angle 0O and the internal and external wall radii for 
state 0 and state 1 can be determined from the direct 
measurements of fiber lengths at both surfaces taken from the 
photos of the open-up specimen. For state 1, it is obvious that 
27r/-,=/,., 2irre = le (1) 
for the internal and external surfaces, respectively, where / 
denotes the measured fiber length. For state 0, we write 
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 0R,=L„ 2Q0Re=Le (2) 
for the inner and outer walls where L denotes the fiber length 
measurements at this state. The determination of r, and re for 
state 1 is straightforward. However, we need another equation 
to solve for the three unknowns, 9O I Rh and Re in equation 
(2). The incompressibility condition of the vessel wall [2] pro-
vides the third equation 
0o(/?e2-JR,.2) = 7rXz(re2-/-,2) (3) 
where X, is the axial stretch ratio and is to be measured direct-
STATE 0 
Pure Bending 
STATE 1 STATES 2,3...N 
Pressurization 
(R,0,Z) [r (V1),z (1)] [r(n,e,n)z(„,] 
Fig. 1 The cross-sectional representation of an artery at the stress-free 
reference state 0, the unloaded tube state 1, and subsequent loaded 
states under transmural pressure and axial force 
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Fig. 1.3. Cross-sectional representation of an artery at the zero stress
(state 0), no load (state 1), and subsequent loaded conditions under
transmural pressure and axial force (states 2,3 . . . N) [42].
Material properties of the tissue can be mathematically described, using contin-
uum mechanics-based constitutive relations derived from the stress and strains, at
all the loaded conditions, determined experimentally using either the zero stress con-
dition or the no load condition as the reference configuration [41]. In order for a
continuum mechanics-based constitutive relation to be derived, the general charac-
teristics of the material based on its composition and observed behavior must be
defined [28]. Biomechanical studies assume the vein to be a viscoelastic, precondi-
tioned, nonlinear, homogeneous, anisotropic, and a incompressible cylinder that is
capable of large distensibilities [50–52]. For a vein, which acts as a cylindrical tube,
there are three directions of interest: circumferential, longitudinal, and radial. Figure
1.4, depicts the cylindrical coordinate system used for the vein.
Viscoelastic behavior is exhibited by materials that contain both solid and fluid
constituents [53]. Characteristics of viscoelastic behavior include creep, stress relax-
ation, and hysteresis [54]. Creep is a time-dependent deformation under the action of
a constant load. Stress relaxation is a time-dependent decrease in load for a constant
deformation. Experimentally, hysteresis is when the loading and unloading curves
do not coincide. Conceptually, hysteresis occurs when not all strain-energy stored in
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Circumferential 
Axial 
Radial 
Fig. 1.4. Schematic of the cylindrical coordinate system used.
the material is recoverable [28]. In the absence of smooth muscle tone, blood vessels
exhibit hysteresis under cyclic loading, stress relaxation under constant extension,
and creep under constant loads. The presence of all three qualifies vascular tissue
as a viscoelastic material. Fung proposed that viscoelastic vascular behavior could
be regarded as non-linearly pseudoelastic in many problems involving precondition-
ing [55]. Preconditioning is the process in which repeated cycles of loading yield a
steady state response [56, 57]. Blood vessels exhibit a nearly repeatable response to
cyclic loading once they have been preconditioned [55,58].
A pseudoelastic tissue is not elastic but, under periodic loading and unloading,
it responds like an elastic material. An elastic material response implies that: (1)
the loading and unloading paths coincide, (2) the material responds is instantaneous
and time-independent to an applied load, and (3) the material returns to its former
unloaded configuration upon the removal of external loads [28]. If venous tissue was
truly elastic, the loading and unloading curves would match, but even with precon-
ditioning this does not occur [59]. Thus, the assumption of pseudoelaticity treats
the loading and unloading curves as two separate entities [55]. Although, the venous
tissue does respond instantaneously to an applied load in a time-independent manner
and the material returns to its former unloaded configuration upon the removal of ex-
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ternal loads. Pseudoelastisity is merely an appropriate description of the relationship
that exists between stress and strain, it is not an intrinsic property of the tissue [60].
Non-linear behavior implies that the relationship between stress and strain in
vascular tissue does not form a straight line [61]. Instead, a exponential relationship
between the stress and strain in typically observed [62]. Data by Weizsacker et al.
validates this exponential type relationship by showing that veins are compliant at
lower pressures while rather inextensible at higher pressures (>30 mmHg) [63].
In a homogeneous material, the response to an applied load is independent of
the position within the tissue. The distribution of the main constituents within the
total wall greatly varies layer to layer. Thus, from the inner diameter to the outer
diameter the distribution of the five constituents of the wall varies, making the wall
of a healthy vessel heterogeneous [10,64]. However, in the biomechanical analysis, all
stress and strains are calculated with respect to the zero stress condition. Since the
same vessel and position within the specimen are being compared, the venous tissue
may be referred to as a homogeneous material [28].
Anisotropy implies that the response of the material to an applied load is depen-
dent of the direction of loading. The load displacement curves are dependent of the
fiber orientation when a material is anisotropic [65]. Due to the alignment of the
collagen and elastin fibers, the circumferential and axial stress-strain relationships
will be different [66,67].
Lastly, incompressibility suggests that a tissue preserves its volume regardless of
the loading conditions. The physical motivation behind this assumption is that water
is nearly incompressible. Since vascular tissues are mainly composed of water, their
walls may be assumed to be nearly incompressible as well, but in actuality no material
remains incompressible under all loads and all conditions. However, the analytical and
experimental simplification afforded by the assumption of incompressibility is believed
to outweigh errors that arise due to the condition not being an exact representative
of physics [28, 68].
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compare the results with those observed in hyperten-
sive arteries.
MATERIALS AND METHODS
In vivo experimental procedures and materials. Eighteen
female Japanese white rabbits weighing 3.0  0.1 (means 
SD) kg were used for the experiments. After each animal was
anesthetized by the injection of pentobarbital sodium via the
auricular vein, the external iliac veins at both sides were
exposed. At a position in the left external iliac vein 5 mm
proximal from the deep femoral vein, a syringe needle having
the external diameter of 0.55 mm was placed beside the
external iliac vein in parallel, and the vein and the needle
were tied together with 4-0 braided silk suture from the
outside. The needle was then gently pulled out. With this
procedure, almost the same degree of constriction was made
in the left external iliac vein (Fig. 1). This treatment was not
applied to the right external iliac vein. As will be mentioned
below (see RESULTS), the blood pressure in the left femoral
vein was significantly increased (HP group), whereas the
blood pressure in the contralateral femoral vein was main-
tained at normal level (Sham group).
At 1, 2, or 4 wk after the operation (6 animals for each
period), each animal was anesthetized with pentobarbital
sodium, and both femoral veins were exposed in a supine
position. Blood pressure in each of the veins was measured
using a plastic water column via an indwelling needle (0.55
mm in diameter) inserted through the deep femoral vein. The
surface of each femoral vein was then marked with saturated
gentian violet solution at the interval of 3 mm to identify the
in vivo extension ratio (z), which is the ratio of in vivo
vascular length to the length measured after excision. An
10-mm-long tubular segment was excised and kept in
Krebs-Ringer solution at 4°C until biomechanical tests were
performed within 24 h after excision.
These animal experiments were done under the “Guide-
lines for Animal Experiments,” Graduate School of Engineer-
ing Science, Osaka University.
Biomechanical tests. The experimental system, shown in
Fig. 2, was used for the measurements of intraluminal pres-
sure-external diameter (Pi-Do) data. Although axial force was
also measured using a load cell incorporated in the system,
the data were not used for the present study. A tubular
specimen was mounted in the bath filled with Krebs-Ringer
solution, which was kept at 37°C and aerated with a 95%
O2-5% CO2 gas mixture. It was then extended to the in vivo
length in reference to the above-mentioned markers dotted
on the specimen surface. A diaphragm-type actuator, which
was controlled with a sequencer, was used to apply internal
pressure to the specimen. The vessel was inflated and de-
flated at a rate of 1.3 mmHg/s. The pressure was measured
with a fluid-filled pressure transducer (MPU-0.5-290-0-3,
Orientec; Tokyo, Japan), while the external diameter of the
specimen was determined with a video dimension analyzer
(C3161, Hamamatsu Photonics; Hamamatsu, Japan) com-
bined with a CCD camera (WV-BD400, Panasonic; Osaka,
Japan). The accuracies of the measurements of pressure and
diameter were 0.5 mmHg and 5 m, respectively.
First, each vein was preconditioned by means of several
inflation-deflation loops between the internal pressures of 0
and 30 mmHg until the Pi-Do curve became reproducible. The
ascending limb of the last stable loop was used for data
analysis under normal conditions (normal vascular smooth
muscle tone). Internal pressure was then maintained at 10
mmHg, and norepinephrine (NE) was gradually added to the
Krebs-Ringer solution in the bath until a final concentration
of 104 mol/l was reached. This concentration was selected on
the basis of the dose-response data obtained from our pre-
liminary experiments, which indicated that rabbit femoral
veins were maximally contracted with this concentration.
When vascular contraction became maximal, pressure was
lowered to 0 mmHg and subsequently raised to 30 mmHg,
yielding the Pi-Do curve under maximal contraction. After
the vessel was rinsed with Krebs-Ringer solution, internal
pressure was set back to 10 mmHg, and papaverine (104
mol/l) was added to the bath. Femoral veins in the rabbit are
completely relaxed with this concentration of papaverine.
When dilatation reached its maximum, several inflation-
deflation loops were performed between 0 and 30 mmHg until
the Pi-Do curve became reproducible. The ascending limb of
the last stable curve was used for data analysis as a repre-
sentative of vascular response under total relaxation. For
simplicity, we shall henceforth refer to normal resting
(Krebs-Ringer solution), maximally contracted (NE), and to-
tally dilated (papaverine) conditions as the “normal,” “ac-
tive,” and “passive” conditions, respectively.
After pressure-diameter tests, a 0.5-mm-thick ring was cut
out from the middle part of each vascular segment. The ring
was placed in a physiological saline solution bath, which was
kept at 37°C, and its cross-sectional image was taken into an
image analyzer (PIAS-III, PIAS; Osaka, Japan) via a stereo-
scope (SMZ-10, Nikon) and a CCD camera (WV-BD400, Pa-
nasonic; Osaka, Japan). The external and internal diameters
(do and di, respectively) of the ring specimen were measured
by using the analyzer from four directions at the angular
Fig. 1. Venous locations for constriction and mechanical tests. HP,
hypertensive location.
Fig. 2. Experimental apparatus for biomechanical testing.
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Fig. 1.5. Illustrates the conventional inflation-extension experimental
setup used by Hayashi et al. [31].
Assuming a vessel segment is an incompressible cylinder, the mechanical properties
in the axial and circumferential directions are obtained using the inflation-extension
test [10, 31, 40, 63, 69–72]. In the conventional inflation-ext nsion protocol, the speci-
men is mounted in a flui filled bath. Figure 1.5, shows the experimental set up used
by Hayashi et al. [31]. Once the vessel is mounted, it is extended to various lengths
and inflated by internal pressure. The force, exact pressure, and outer diameter are
measured at each length and internal pressure. The outer diameter of the vessel is
deter ined with either a las r b am micrometer [70,72] or a video dimension analyzer
combined with a camera [31,63,69,71]. Inco press bility a mes that the product of
all the directional (axial, circumferential, and radi l) changes, at a given load, will be
equal to one (λzλθλr = 1) [71]. This allows the investigators to calculate the loaded
state inner diameter of the vessel based off the directly measured outer diameter and
reference thickness. The inner diameter at the loaded state is a critical factor in
determining the Green strain and Cauchy stress in th circumferential direction as
well as the axial Cauchy stre s. Thus, d rectly me suring the inner diameter would
allow for the stress and strain to be calculated without assuming any dimensions.
No method exists in which both the inner and outer diameters are measured during
the inflation-extension test. Experimentally measuring the inner and outer diameters
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at the loaded state would give essential information on how vessels distribute their
volume at different loads as well as eliminate the need to assume incompressibility.
This is essential since assumptions should be based primarily on the physics, not
mathematical convenience.
1.4 Objectives
The primary objective of this thesis is to quantify the passive biomechanical re-
sponse and structural remodeling of venous tissue subjected to chronic venous hy-
pertension due to reflux. A novel reflux induced venous hypertensive large animal
model is introduced as well as a novel method which eliminates the need for the in-
compressibility assumption. The scope of this thesis may be split into three specific
aims:
Specific Aim 1: Develop a reflux induced venous hypertensive large animal model.
Hypothesis: If the tricuspid valve is disturbed, then venous reflux will be created
which onsets venous hypertension.
Specific Aim 2: Define the passive biomechanical properties using intravascular
ultrasound (IVUS) in conjunction with the conventional inflation-extension test. This
aim is achieved by four sub aims. Hypothesis: If venous wall is subjected to venous
hypertension and chronic venous reflux, then the passive mechanical properties of the
venous tissue will change such that the tissue will become stiffer.
Specific Aim 2.1: Validate or invalidate the use of IVUS in inflation test with axial
stretch. Hypothesis: If the volume change of the arterial wall is directly calculated,
then it will be equal to 1. If the volume change of the arterial wall is not equal to 1,
then IVUS is not validated.
Specific Aim 2.2: Define the mechanical properties of the healthy canine Common
Iliac vein without the incompressibility assumption. Hypothesis: If IVUS is validated
in the artery, then IVUS may be used in the inflation-extension test for veins. If the
veins are incompressible, then the volume change of the venous wall will be equal to
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1. If the volume change of the venous wall is not equal to 1, then the vein wall is not
as incompressible as the artery and the incompressibility assumption should not be
used to define the mechanical properties.
Specific Aim 2.3: Define and compare the mechanical properties of the diseased
canine common iliac vein to control canine common iliac vein. Hypothesis: If ve-
nous wall is subjected to venous hypertension due to chronic venous reflux, then the
circumferential Green stain will be lower than the control vessel at the same Kirch-
hoff stress. At the same axial stretch ratio the diseased circumferential stress-strain
curve will shift up and to the left which signifies that the vein wall stiffened in the
circumferential direction.
Specific Aim 2.4: Define the constitutive equations for the control and diseased
veins. Hypothesis: If a strain energy function is calculated and the material constants
are determined, then the material constants will decrease as axial stretch increase and
the material constants will be higher in the control vessel than the diseased vessel.
Specific Aim 3: Define if and how the main biomechanical constituents of the
venous wall remodel due to venous reflux and hypertension. Hypothesis: If the venous
wall is subjected to venous hypertension and chronic venous reflux, then the overall
thickness of the wall will increase in addition to the composition of collagen and
elastin in the wall changing.
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2. MATERIALS AND METHODS
2.1 Animal Model
To develop a large-animal model of chronic venous reflux and hypertension, 9
mongrel dogs underwent disruption of the chordae tendineae with a chordae tendineae
cutting device pulled retrograde across the tricuspid valve from the right ventricle to
the right atrium. Nine male mongrel dogs with body weight of 34.1 ± 2.3 kg (mean ±
standard deviation (SD)) were sedated with acepromazine (0.02 mL) and torbugesic
(0.7 mL) administered subcutaneously. General anesthesia was maintained with 2 to
3% isoflurane and oxygen. Heparin (1.5-3 mL) was administered every half an hour
to prevent coagulation. The flow conditions in the common iliac vein was assessed
using duplex ultrasound in the conscious, standing position and the sedated, supine
position at five time points: 4 week post-injury, 5 weeks post-injury, 6 weeks post-
injury, 7 weeks post-injury and 8 weeks post-injury. Eight weeks after the disruption
of the chordae tendineae the animal was euthanized with a bolus of saturated KCl
(potassium chloride). All experimental procedures were performed in accordance with
national and local ethical guidelines including the Institute of Laboratory Animal
Research guidelines, Public Health Service policy, the Animal Welfare Act, and were
approved by Institutional Animal Care and Use Committee at Indiana University
Purdue University, Indianapolis. A timeline of the animal model protocol is shown
in Figure 2.1.
2.1.1 Creation of Venous Reflux
A baseline pulse wave velocity (PWV) tracing for the common iliac vein was
recorded in the conscious, standing position and the sedated, supine position, us-
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Week 1 Week 2 Week 3 Week 4 Week 5 Week 6 Week 7 Week 8 
Injury Euthanization 
Imaging Imaging Imaging 
Fig. 2.1. Timeline of the animal model protocol
ing duplex ultrasound (L15-7io Transducer, iE33 Echocardiography System, Phillips;
Andover, MA). Once baseline duplex data was obtained, the dogs neck was prepared
and draped in a sterile fashion. Access was gained with micro-puncture through
the jugular vein. A VISIONS PV .018 Intravascular Ultrasound (IVUS) imaging
catheter (86700, Volcano; San Diego, CA) in conjunction with the s5i imaging sys-
tem (S5iVC01, Volcano) was advanced from the jugular vein down to the common
iliac vein. The maximum diameter, minimum diameter, and cross sectional area was
obtained for both of the common iliac veins. An external compressional force was
applied to the abdominal cavity. An IVUS loop was recorded during compression for
both common iliac veins. A frame was selected in which the vein was at maximum
distension. The maximum diameter, minimum diameter, and cross sectional area
(CSA) was then obtained for the selected frame.
Hemodynamic measurements were made throughout the injury procedure using
two fluid-filled pressure transducers (TSD104A, BIOPAC Systems; Coleta, CA). One
pressure transducer was attached to the jugular sheath and allowed for jugular ve-
nous pressure (JVP) to be obtained; while the other pressure transducer was attached
to the catheter and allowed for pressure at the tip of the catheter to be measured.
The pressure transducer associated with the catheter allowed for femoral venous pres-
sures (FVP), right atrial pressures (RAP), and right ventricle pressures (RVP) to be
obtained.
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Once the baseline pressure data (FVP, JVP, RAP, and RVP) was obtained, a
chordae tendineae cutting device (Cook Medical; Bloomington, IN) was introduced
into the right ventricle. The cutting device was pulled back from the right ventricle
to the right atrium in a rotational sweeping motion. The purpose of this was to
cut the chordae tendineae which attach the tricuspid valve to the papillary muscles.
During this process the electrocardiogram (ECG) was carefully monitored. After
each sweep, the RAP and RVP were checked to see if any noticeable changes had
occurred. When a mean RAP that was double the baseline RAP was achieved, the
cutting device was retracted and the maximum JVP was observed. When a doubling
of both the mean RAP and the maximum JVP was observed, then the injury was
considered complete. Once the final JVP, RAP, and RVP were taken, the access site
was sutured and pressure was applied to the site until hemostasis was achieved. PWV
tracing for the common iliac vein was recorded in the sedated, supine position using
duplex ultrasound to assess the post-injury flow conditions. Duplex ultrasound was
used to ensure that venous reflux was present in the lower extremity veins due to the
disrupted tricuspid valve. The animal was then recovered.
2.1.2 Duplex Ultrasound Imaging
The flow conditions in the left and right common iliac veins were assessed using
duplex ultrasound. The flow conditions were assessed in both the conscious, standing
position and the sedated, supine position at five time points: 4 week post-injury, 5
weeks post-injury, 6 weeks post-injury, 7 weeks post-injury and 8 weeks post-injury.
The dogs were again sedated and anesthetized as described above in order to obtain
the duplex ultrasound data needed in the sedated, supine position.
2.1.3 Reflux Fraction
The PWV tracings at each time point were used to calculate the reflux fraction in
the vessel of interest: the common iliac vein. An image analyzer (ImageJ, National
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Institutes of Health) was used to determine the reflux fraction. Compared to the
control non-injured velocity measurements (Figure 2.2A) venous reflux was noted
immediately after the tricuspid valve was disrupted (Figure 2.2B). Reflux is indicated
by the negative velocities (as seen in the PWV tracing post-injury) as opposed to the
baseline tracing (which does not exhibit reflux) where none of the velocity waveform
crosses zero. The reflux fraction is calculated by integrating the velocity (area under
the curve). The integral of velocity is displacement. The portion of the waveform
which is above the x-axis represents the displacement of forward flow while the portion
of the waveform which is below the x-axis represents the displacement of reverse flow.
The reflux fraction can be expressed as the displacement of reverse flow over the
displacement of forward flow. Four waveforms were measured per PWV tracing and
the four subsequent reflux fractions were averaged.
2.1.4 Euthanization
Eight weeks after injury, the animal was euthanized with a bolus of saturated
KCl. Immediately following euthanization, the lower extremity venous system was
exposed and the chest was opened. The heart and desired tissue was harvested. Tissue
samples from the right atrial myocardium, popliteal veins, and common femoral veins
were collected. Three samples were collected for each tissue and fixed using different
methods. The three methods of fixation used were liquid nitrogen, 10% formalin, and
phosphate buffered formalin. The common iliac vein was harvested, discussed below,
for biomechanical testing and morphological evaluation.
2.2 Tissue Harvesting
2.2.1 Disease Canine Common Iliac Vein
The common iliac vein of nine reflux-induced hypertensive mongrel dogs, 34.4 ±
2.0 kg (mean ± SD), were used to perform biomechanical experiments and histological
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Fig. 2.2. Pulse wave velocity tracings obtained from duplex ultra-
sound in one dog. A) Baseline common iliac venous flow prior to the
creation of injury. B) Immediately after the creation of injury the
common iliac venous flow shows notable pulsatility and reflux.
examinations. A suture was placed at the proximal end of the common iliac vein as
close to the bifurcation from the inferior vena cava as possible. The suture was
tied in a manner in which the knot was placed on the anterior surface of the vessel.
Another suture was placed six to eight centimeters distal from the first. Once both
ends of the vein were tied off, all visible branches were ligated and the in situ length
was measured and recorded. The common iliac vein was then excised, rinsed in
room temperature saline, and the ex vivo length was recorded. A two centimeter
portion of the proximal end of the vessel was fixed in 10% formalin for histological
examinations. Vein segments were fixed in formalin for at least 24 hours prior to any
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histological examinations being performed. The remaining segment (∼4-6 cm) was
stored in normal saline at 4◦C until biomechanical testing. All biomechanical tests
were performed within 24 hours of tissue harvest. Prior to biomechanical testing, the
adventitia was carefully cleaned under a stereomicroscope (SMZ660, Nikon; Melville,
NY). Special care was taken to leave intact adventitia and to not overstretch or
mechanically traumatize the vessel.
2.2.2 Control Canine Common Iliac Vein
The common iliac vein of nine control mongrel dogs of either sex weight 24.8 ±2.5
kg (mean ± SD) were used. The animals had been used for other unrelated physiolog-
ical experiments, performed in accordance with national and local ethical guidelines
including the Institute of Laboratory Animal Research guidelines, Public Health Ser-
vice policy, the Animal Welfare Act, and were approved by Institutional Animal Care
and Use Committee at Indiana University Purdue University, Indianapolis. Following
sacrifice, the common iliac vein was exposed. The common iliac vein was excised and
prepared for biomechanical testing and histological examination in the same fashion
as the diseased canine common iliac vein described above.
2.2.3 Control Swine Common Iliac Artery
The common iliac artery of six control domestic swine of either sex weighting 61.8
±19.0 kg (mean ± SD) were used. The animals had been used for other unrelated
physiological experiments, performed in accordance with national and local ethical
guidelines including the Institute of Laboratory Animal Research guidelines, Public
Health Service policy, the Animal Welfare Act, and were approved by Institutional
Animal Care and Use Committee at Indiana University Purdue University, Indianapo-
lis. Following sacrifice, the common iliac artery was exposed. A suture was placed
at the proximal end of the common iliac artery as close to the bifurcation for the
aorta as possible. The suture was tied in a manner in which the knot was placed on
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the anterior surface of the vessel. Another suture was placed six to eight centimeters
distal from the first. Once both ends of the artery were tied off, all visible branches
were ligated and the in situ length was measured and recorded. Vessel segment were
stored in normal saline at 4◦C until biomechanical testing. All biomechanical tests
were performed within 24 hours of tissue harvest. Prior to biomechanical testing
under a stereomicroscope the adventitia was cautiously cleaned, taking care to leave
intact adventitia and to not overstretch or mechanically traumatize the vessel.
2.3 Inflation-Extension Test
The experimental setup, shown in Figure 2.3, was used for the inflation-extension
bi-axial testing on both veins and arteries. Each tubular specimen was mounted in the
bath filled with 3 mM EGTA (ethylene glycol tetraacetic acid) solution kept at room
temperature. The 3 mM EGTA solution was prepared by dissolving 1.14 grams of
EGTA (34596, Simga-Aldrich; St. Louis, MO) in 1.00 L of normal saline. EGTA is a
chelating agent used to restrict Ca2+ availability, which allows for the passive vascular
wall mechanics to be observed. In the presence of EGTA, the VSMCs are at maximum
relaxation. It is assumed, for this study, that the effects of the passive mechanical
properties due to VSMCs are negligible and that the passive response results are solely
from the mechanical properties of the elastin and collagen [73]. When mounting the
vessel onto the inlet and outlet Tygon tubing, special care was taken to not twist or
damage the vessel. The specimen was secured to the tubing using 2-0 prolene suture.
Special indentations were incorporated into the tubing which allowed for the suture
to imbed in and thus allowed the specimen to be securely fixed to the tubing.
A manual syringe pump was used to apply internal pressure to the specimen. The
pressure was measured with a fluid-filled pressure transducer (TSD104A, BIOPAC
Systems; Coleta, CA), the force was measured with a force transducer (Fort1000,
World Precision Instruments; Sarasota, FL), and the inner and outer diameters were
determined using an VISIONS PV .018 IVUS imaging catheter (86700, Volcano; San
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Fig. 2.3. Schematic of the experimental setup
Diego, CA) in conjunction with the s5i imaging system (S5iVC01, Volcano; San Diego,
CA).
The pressure and force signals were acquired using a MP150 data acquisition and
analysis system (Biopac) and stored in a PC using AcqKnowledge Acquisition and
Analysis software (Biopac). Pressure and force signals were amplified using general
purpose transducer 1000 gain amplifiers (DA100C, Biopac). The IVUS catheter was
set at a center frequency of 20 MHz. The pressure signal was sampled at a frequency
of 300 Hz, while the force signal amplifier was sampled at a frequency of 50 kHz.
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Once mounted, the diameters and length under no load (no axial stretch and 0
mmHg pressure) were measured. The vessel was then preconditioned at the no axial
load state by means of three inflation-deflation loops. The veins were preconditioned
using an inflation-deflation loop between the internal pressures of 0 and 60 mmHg,
while the arteries were preconditioned using an inflation-deflation loop between the
internal pressures of 0 and 120 mmHg. Once the pressure-diameter curve was repro-
ducible, the vessels were perfused by the syringe pump with 3mM EGTA solution
at the various perfusion pressures. In veins, static pressure was generated using a
stepwise function from 0 to 60 mmHg. The pressure was increased in 5 mmHg step
increments from 0 to 20 mmHg and in 10 mmHg step increments from 20 mmHg to 60
mmHg. In the arteries, static pressure was generated using a stepwise function from
0 mmHg to 120 mmHg. The pressures were increased in 10 mmHg step increments
from 20 to 60 mmHg and in 20 mmHg step increments from 60 to 120 mmHg. Data
was captured at eight specific intraluminal pressures. For the veins, the pressures of
interest were 5 mmHg, 10 mmHg, 15 mmHg, 20 mmHg, 30 mmHg, 40 mmHg, 50
mmHg, and 60 mmHg. For the arteries, the pressures of interest were 20 mmHg,
30 mmHg, 40 mmHg, 50 mmHg, 60 mmHg, 80 mmHg, 100 mmHg, and 120 mmHg.
At each point of interest, the pressure and force measured by the transducers were
recorded as well as a still image was captured with IVUS. Figure 2.4 is an example
of the raw data produced during each inflation cycle. This specific run was for the
control canine vein extended to its 100% physiologic length.
An axial load was applied to the vessel by extending it to its 80% physiologic
length. The physiologic length is determined by the physiologic stretch ratio. The
physiologic stretch ratio used the in situ and ex vivo lengths which were recorded at
the time the tissue was harvested and is defined as:
λphys =
in situ length
ex vivo length
(2.1)
Thus, 100% physiologic length is the product of the physiologic stretch ratio and
the length measured under no load. Therefore, 80% physiologic length is equivalent
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Fig. 2.4. Raw data produced for one inflation cycle at 100% physio-
logic length extension in control common iliac vein. The three images
on the top panel illustrate the IVUS images captured by the Volcano
imaging system at 5, 30, and 60 mmHg. The middle panel shows the
real time pressure as well as the corresponding axial force (bottom
panel) during the inflation cycle.
to 0.80 of the 100% physiologic length. Once the axial load was applied, the vessel
was once again preconditioned by means of three inflation-deflation loops. Once pre-
conditioned, the vessel was inflated using the stepwise function mentioned previously.
Force, pressure, and IVUS images were obtained at the eight pressures defined above.
Once all the data was collected at the 80% physiologic length condition, all the load
(both axial and circumferential) was released. This protocol was then repeated for
extensions of 90%, 100%, and 110% physiologic length. Every time a new axial load
was applied, the specimen was preconditioned.
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2.3.1 IVUS versus Digital Camera
In conventional inflation-extension tests, the outer diameter of the specimen was
measured using either a laser micrometer or a video dimension analyzer in combi-
nation with a digital camera. To determine the agreement between the conventional
experimental method (digital camera) and the proposed experimental method (IVUS)
the outer diameter of the specimen was measured with both IVUS and the digital
camera during the inflation-extension tests. Five specimens, two control canine com-
mon iliac vein and three control swine common iliac arteries, were used. Different
species and vessels were tested in order to represent all control specimens which were
used in the biomechanical testing. A digital camera (PC1742, Canon) was added
to the existing experimental set up and placed vertically above the specimen. At
each point of interest, the pressure and force were measured by the transducers and
were recorded. In addition, two still images were captured concurrently: one using
IVUS and one using the digital camera. The outer diameter was calculated for each
image using an image analyzer (ImageJ, NIH). The Bland-Altman method was used
to measure the agreement between IVUS and the digital camera.
2.4 Zero Stress Reference State
At the end of the inflation-extension test, three 2 mm thick rings were cut at
different locations along the vessel. The rings were placed in a bath filled with nor-
mal saline, which was kept at room temperature, and its cross-sectional image was
captured using WinFast PVR (Leadtex; Tiawan) via a stereoscope (SMZ660, Nikon;
Melville, NY) and a CCD camera (STC-630AS, SenTech; Carrollton, TX). The ante-
rior portion of the ring was then cut and another image was captured. The resulting
images represent the vessel in the no stress condition (Figure 2.5a) and zero stress
condition (Figure 2.5b).
When the excised, intact, unloaded vessel was radially cut the ring opened up.
The angle in which the vessel opens up when it is radially cut is called the open
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a) b) 
Fig. 2.5. Cross-sectional area of control common iliac vein at a) no
stress condition and b) zero stress condition.
angle (Φo). The effects of radially cutting a vessel in the no load condition and the
resulting open angle can be seen in Figure 2.5. Two other important measurements,
in addition to the open angle, were obtained from the zero stress images. They were
the inner radius (Rin) and outer radius (Rout). In order to obtain (Rin) and (Rout),
the inner arc length (Lin) and outer arc length (Lout) of the cut vessel was measured
using an image analyzer (ImageJ). Figure 2.5b shows the Lin, Lout, and Φo of a control
common iliac vein. The inner and outer radii are determined using a basic geometric
formula. The arc length formula states:
L =
n◦
360
× 2piR (2.2)
Solving for R produces:
R =
L× 360
n◦ × 2pi (2.3)
where,
n◦ = 360− 2Φo (2.4)
Therefore,
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Rin =
Lin × 360
n◦ × 2pi (2.5)
Rout =
Lout × 360
n◦ × 2pi (2.6)
The zero stress condition thickness, T, was calculated using the values obtained
for Rout and Rin. Such that:
T = Rout −Rin (2.7)
2.5 Loaded Condition
The loaded condition is due to axial and circumferential load. Thus, the loaded
condition is dependent on the pressure and axial extension. The inner and outer
radii at the loaded condition were determined from the still images captured by
IVUS. Using the ShowCase DICOM Viewer, the still images captured by IVUS were
converted to JPEG images. The inner and outer circumferences were then measured
using an image analyzer (ImageJ, NIH) and the inner and outer radii were calculated
by dividing the corresponding circumference by 2pi.
The thickness at the loaded condition is defined as:
t = rout − rin (2.8)
2.6 Principal Stretch Ratios
The vessel was assumed to be a hollow cylinder and was assigned a cylindrical
coordinate system as shown in Figure 2.6a. The deformation was assumed to be
cylindrically orthotropic. This means the vessels response to an applied load is unique
in all three directions (circumferential, axial and radial). The parameters associated
with the loaded condition can be seen in Figure 2.6b, while the parameters associated
with the reference zero stress condition can be seen in Figure 2.6c.
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Fig. 2.6. Schematic of a) Isometric view of cylindrical coordinate
system, b) loaded condition, and c) zero stress condition
The principal stretch ratios are the primary deformations associated with the
radial, circumferential, and axial directions due to loading [74]. They are defined by
the following equations with the zero stress condition as the reference condition:
λz =
l
L
(2.9)
The axial length at the loaded condition is l while L is the length at the unloaded
condition.
λθ(r) =
χr√
χ(r2 − r2in)λz +R2in
(2.10)
χ =
180
180− Φo (2.11)
Equation (2.10) shows that the circumferential stretch ratio is dependent on the
radial location. The circumferential stretch ratio at the inner radius of the loaded
state is defined as:
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λθ(rin) =
χrin
Rin
(2.12)
And the circumferential stretch ratio at the outer radius of the loaded state is equiv-
alent to:
λθ(rout) =
χrout√
χ(r2out − r2in)λz +R2in
(2.13)
In order to obtain an insight into the general behavior of the vessel wall the
average circumferential stretch ratio is used in all further equations. The average
circumferential stretch ratio is defined as:
λθ(raverage) =
λθ(rin) + λθ(rout)
2
(2.14)
rin is the inner radius at the loaded condition, rout is the outer radius at the loaded
condition, and raverage is the mean of the inner radius and the outer radius at the
loaded condition.
The radial stretch ratio is defined as:
λr =
δr
δR
(2.15)
Conventionally, the vessel wall is assumed to be incompressible. If the wall volume
does not change due to stress it may be assumed that:
λθλzλr = 1 (2.16)
Solving for λr gives,
λr =
1
λzλθ
(2.17)
The radial stretch ratio, equation (2.17), is defined as the differential of the radial
direction in terms of the loaded condition over the differential of the radial direction
in terms of the zero stress condition. Simply put,
λr =
t
T
(2.18)
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Using IVUS, the values of rin and rout were obtained for all the loaded conditions.
Equation (2.8) states that the value of t is obtained directly from rin and rout. Ad-
ditoinally, T is also directly obtained from equation (2.7). Thus, the radial stretch
ratio was directly measured using equation (2.18).
2.7 Stress-Strain Relationship
2.7.1 Green Strain
The axial Green strain is defined as:
Ezz =
(λ2z − 1)
2
(2.19)
Since the stretch ratio is the only variable that drives the Green strain, the cir-
cumferential Green strain is also dependent of the radial location. However, to obtain
an insight to the general behavior of the vessel, the average radius is used to compute
the values of stain and stress. Therefore, circumferential green strain is:
Eθθ(raverage) =
(λθ(raverage)
2 − 1)
2
(2.20)
2.7.2 Cauchy Stress and Kirchhoff Stress
The axial Cauchy stress is dependent on the pressure (P), force (F), inner diameter
and outer diameter at the loaded condition. Therefore, axial Cauchy stress is:
σz =
F + Ppir2in
pi(r2out − r2in)
(2.21)
The circumferential Cauchy stress in thin-walled veins was determined using Laplaces
law [75, 76]. Thus, circumferential Cauchy stress is a function of pressure. It is de-
pendent on the pressure, inner radius, and thickness at a given pressure.
σθ =
P × raverage(P )
t(P )
(2.22)
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The axial Kirchhoff stress is obtained from the Cauchy stress and axial stretch
ratio and is defined as:
Sz =
σz
λ2z
(2.23)
Where the circumferential Kirchhoff Stress is:
Sθ =
σθ
λ2θ
(2.24)
2.7.3 Mathematical Model
The strain energy function (SEF) represents the stored energy per unit volume
of the venous wall. In two dimensional analyses the SEF is a second order polyno-
mial since the radial and all shear components are neglected. A Fung-type SEF was
implemented [77]:
W = C(eQ − 1) (2.25)
Q = α1E
2
θθ + α2E
2
zz + α4EθθEzz (2.26)
The Fung-type SEF is a function of the Green Strains in the axial, Ezz, and
circumferential, Eθθ, directions. The specimens material constants are expressed as
C, α1, α2, and α4. Where C is a component of stress expressed in kPa and α1,
α2, and α4 are non-dimensional. In response to an increase in strain, the number of
stretched molecules and the tension force within the stretched molecules will increase.
Since blood vessels do not obey Hookes law, the increase in strain is not equal to the
increase in stretched molecules and the resulting tension force. However, they are
directly proportional. Thus, α1 is the proportionality constant in the circumferential
direction, α2 is the proportionality constant in the axial direction, and α4 refers to
the cross talk between the circumferential and axial direction. Lastly, the constant C
is a scaling factor [60].
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The material constants are obtained using the experimental Green Stains, Eθθ and
Ezz, and the theoretical Kirchhoff stresses:
S∗θθ = C(α1E
2
θθ + α4E
2
zz)e
Q (2.27)
S∗zz = C(α4E
2
θθ + α2E
2
zz)e
Q (2.28)
The material constants for each vessel at each longitudinal stretch ratio were
calculated mathematically. Arbitrary values were entered as the values for C, α1,
α2, and α4. The arbitrary values and the known the Green Strains, Eθθ and Ezz,
at each longitudinal stretch ratio and pressure were inputted into equation (2.27)
and equation (2.28) [78]. This produced values for S∗θθ and S
∗
zz. The theoretical
Kirchhoff stresses, S∗θθ and S
∗
zz, were then compared with the experimental Kirchhoff
stresses, Sθθ and Szz. The sum of squares of the difference between the theoretical and
experimental Kirchhoff stresses was calculated using the SUMXMY2 function in Excel
(Microsoft). The objective was to get the sum of squares of the difference between the
theoretical and experimental Kirchhoff stresses as close to zero as possible by changing
the material constants. This was done by using the data solver function in Excel.
The data solver function determined the best values for the material constants to
create the minimum discrepancy between the experimental and theoretical Kirchhoff
stresses. To determine how good a fit the constitutive equations were the correlation
coefficient was calculated for both the axial and circumferential data. The non-linear
correlation coefficient is defined as:
r =
√
1− SSE
SST
(2.29)
With:
SSE =
∑
(yi − yfi)2 (2.30)
SST =
∑
(yi − y)2 (2.31)
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Where y is the experimental Kirchhoff stress, yf is the theoretical Kirchhoff stress, y is 
the mean experimental Kirchhoff stress for the inflation cycle and i = 1 − 8 since there 
were eight corresponding pressures per stretch ratio.
2.8 Histological Evaluation
2.8.1 Histological Preparation of Common Iliac Vein
As mentioned above, a two centimeter long segment of each common iliac was fixed
in formalin. Each of those segments was cut into two 1 cm long rings. One segment
was used for basic morphology, while the other one was used for multiphoton mi-
croscopy (MPM). For basic morphology, the vessel rings were rinsed three times with
a buffer solution, processed by dehydration in increasing concentrations of alcohol
(70, 80, 95, and 100%), and embedded in glycol methacrylate (JB-4 solution, Elec-
tron Microscopy Sciences). The embedded segments were cut into 3-µm-thick sections
using a conventional microtome (model HM 340E; Microm), mounted on glass slides,
and stained with toluidine blue. The histological sections were photographed using
Spot Insight Color digital camera (Diagnostic Instruments) attached to a histological
microscope (Eclipse E600; Nikon), and wall thickness measurements were made from
these images using ImageJ (National Institutes of Health).
For MPM, the vessel rings were frozen in Neg-50 gel using liquid nitrogen (Richard-
Allan Scientific Neg -50; Thermo Scientific). The frozen segments were cut into
40-µm-thick sections using a conventional cryostat set at −25◦C (model CM1850;
Leica), mounted on glass slides, surrounded by 25 µL of glycerol-phosphate buffer
solution (PBS) solution (70% Glycerol 30% PBS), and encased with a glass cover
slip. Prepared slides were kept in 4◦C refrigerator until MPM was performed.
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2.8.2 Multiphoton Microscopy
MPM is the combination of two primary types of nonlinear interaction between
ultrafast laser light and biological tissues: two-photon excited fluorescence (TPEF)
and second-harmonic generation (SHG). TPEF is used to depict elastin that contains
endogenous fluorophores, while SHG signal originates from collagen type I that con-
tains molecular noncentrosymemtric structures [79]. MPM images of both control and
diseases venous tissue were obtained using a Multiphoton Laser Scanning Microscope
(FV1000 MPE, Olympus). The microscope is an inverted system and multiphoton
fluorescence excitation provided by fully automated Spectra-physics MaiTai DeepSee
laser (excitation wavelength from 710 nm to 990 nm). The average excitation power
at the sample was 1.4 W with an excitation wavelength of 860 nm. The dichroic mir-
ror RDM690 was used to separate SHG (430 nm) and TPEF (∼520 nm) signals from
the excitation beam and then directed toward photomultiplier-tube (PMT) detectors.
A 20X W .95NA water immersion objective (XLUMPLFL; Olympus America) was
used for all specimens, and each acquired image covered an area of 634.7 x 634.7 µm2.
The step size between slices was typically set at 2 µm, and the number of slices for
one site was ∼12. The scan time for an entire Z stack was <<1 min.
Four essential images were captured using MPM (represented in Figure 2.7): Light
microscopy image, TPEF image, SHG image, and SHG/TPEF image. In order to
quantify the relative amount of each venous wall component, the SHG and TPEF
images were individually imported into an image analyzer (ImageJ, NIH), and made
into binary images. The venous wall area was then selected and the percent area
was determined. The resulting percentage represented the proportion of collagen or
elastin to the total area selected. The percent areas were calculated for collagen and
elastin in both control and diseased venous tissue using the percent area function in
ImageJ.
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Fig. 2.7. Representation of the four images obtained with multipho-
ton microscopy (MPM) for the control common iliac vein: A) Light
microscopy image, B) SHG image depicting collagen content within
venous wall, C) TPEF image depicting the elastin content within the
venous wall, and D) Merged SHG/TPEG image depicting the distri-
bution of collagen and elastin within the venous wall.
2.9 Statistical Analysis
All data was expressed as mean ± standard error (SE) unless otherwise specified.
The biomechanical parameters were compared using ANOVA. A students t-test was
used to detect possible differences between the control and diseased tissue. A paired
t-test was used to detect possible differences in venous pressure and reflux fraction at
different time points in the reflux induced hypertensive dogs. Significance was defined
as p < 0.05.
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3. RESULTS
3.1 Reflux Induced Hypertensive Canine Model
3.1.1 Venous Reflux
Following the creation of venous reflux through the disruption of the chordae
tendineae of the right side of the heart the tricuspid valve became partially dislocated.
Figure 3.1 shows the mean pressure in the right atrium and right ventricular prior to
and after the chordae tendineae were disrupted and the tricuspid valve was partially
dislocated. Prior to disruption (labeled as baseline) the mean RAP was 3.19 ± 0.37
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Fig. 3.1. Mean pressure in right atrium and ventricle prior to (base-
line) and after (post-injury) chordae tendineae were disrupted. Figure
shows grouped average for n = 9 dogs. Mean ± Standard Error (SE).
∗ p < 0.05 vs. Baseline right atrial pressure.
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mmHg and the mean RVP was 10.00 ± 0.75 mmHg. After injury (post-injury), the
mean RAP significantly increased to 7.86 ± 0.89 mmHg, while the mean RVP was
unchanged.
The mean RAP after injury was 2.41 times greater than prior to injury. Figure
3.2 confirms a significant 3.5-fold increase in peak JVP due to the disruption of the
chordae tendineae. The maximum JVP post-injury, 4 weeks post-injury (4 weeks),
and 8 weeks post-injury prior to euthanization (8 weeks) were all significantly higher
than the baseline maximum JVP. However, after injury there was no significant in-
crease in maximum JVP as time progressed (post-injury vs. 4 weeks post-injury: p
= 0.21, 4 weeks post-injury vs. 8 weeks post-injury: p = 0.31, and post-injury vs. 8
weeks post-injury: p = 0.98).
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Fig. 3.2. Maximum pressure in the jugular vein before (baseline), after
chordae tendineae are disrupted (post-injury), 4 weeks post-injury (4
weeks), and 8 weeks after injury prior to euthanization (8 weeks).
Figure shows grouped average for n = 9 dogs. Mean ± SE. ∗ p < 0.05
vs. Baseline.
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Prior to injury, the dogs had a mean reflux fraction of 0%. Figure 3.3 shows
that mean reflux fractions present in the common iliac vein obtained from the PWV
tracings after injury, 4 weeks post-injury, and 8 weeks post-injury. Post-injury, a
reflux fraction of 23.12 ± 4.22 % was observed in the common iliac vein. After the
initial creation of venous reflux, there was no significant increase in venous reflux
observed up to the time of euthanization (post-injury vs. 4 weeks: p = 0.74, 4 weeks
vs. 8 weeks: p = 0.94, and post-injury vs. 8 weeks: p = 0.52).
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Fig. 3.3. The mean reflux fraction in the common iliac vein after
chordae tendineae are disrupted (post-injury), 4 weeks after injury (4
weeks), and prior to euthanization (8 weeks). Baseline (not shown)
reflux fraction was 0%. Figure shows grouped average for n = 7 dogs.
Mean ± SE. ∗ p < 0.05 vs. post-injury.
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Fig. 3.4. Maximum pressure in the common femoral vein before the
chordae tendineae are disrupted (baseline), four weeks after chor-
dae tendineae are disrupted (4 weeks), and prior to euthanization
(8 weeks). Figure shows grouped average for n = 9 dogs. Mean ±
SE. ∗ p < 0.05 vs. Baseline.
3.1.2 Venous Hypertension
Figure 3.4 illustrates the maximum femoral venous pressure (FVP) observed be-
fore the chordae tendineae were disrupted (baseline), 4 weeks after injury (4 weeks),
and just prior to euthanization (8 weeks). The baseline maximum FVP prior to in-
jury was 7.09 ± 0.31 mmHg. At four weeks post-injury (4 weeks), the maximum FVP
observed was 23.04 ± 2.07 mmHg which was a significant increase from baseline max-
imum FVP (p < 0.05). At eight weeks post-injury (8 weeks) a decrease in maximum
FVP compared to the pressure observed at 4 weeks was observed, but was found to
not be significant (15.25 ± 1.46 mmHg, p = 0.059).
Figure 3.5 displays the maximum in vivo inner diameter of the common iliac vein
measured with IVUS prior to injury (baseline) and four weeks post-injury (4 weeks).
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Effective inner diameters were determined using the CSA obtained with IVUS and
equation (3.1).
d =
√
4CSA
pi
(3.1)
The effective inner diameter prior to injury was 10.14 ± 0.36 mm, while the
effective inner diameter after four weeks of venous reflux was 10.07 ± 0.26 mm. There
was no significant difference found between the baseline effective inner diameter and
the effective inner diameter after four weeks of venous reflux (p = 0.81).
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Fig. 3.5. In vivo effective diameter of common iliac vein prior to injury
(baseline) and four weeks post-injury (4 weeks). Figure shows grouped
average for n = 8 dogs. Mean ± SE. ∗ p < 0.05 vs. corresponding
baseline diameter.
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3.2 Biomechanical Properties
3.2.1 Zero Stress Condition and Physiologic Stretch Ratio
The open angle of the diseased common iliac vein, 74.9 ± 8.6◦, was significantly
higher than the open angle of the control common iliac vein, 44.9 ± 4.9◦ (p = 0.007).
The inner diameter (Rin) and outer diameter (Rout) at the zero stress condition of the
diseased common iliac vein were significantly larger than the control common iliac
vein. The inner diameter (Rin) and outer diameter (Rout) at the zero stress condition
of the diseased common iliac vein were 4.19± 0.21 mm and 4.86± 0.20 mm. The inner
diameter (Rin) and outer diameter (Rout) at the zero stress condition of the control
common iliac vein were 3.25 ± 0.15 mm and 3.71 ± 0.26 mm. The physiologic stretch
ratios of the control and diseased common iliac veins were not significantly different
(p = 0.56). The physiologic stretch ratio of the diseased common iliac vein was 1.62
± 0.02, while the physiologic stretch ratio of the control common iliac vein was 1.64
± 0.03.
3.2.2 Accuracy of IVUS
The agreement between the conventional experimental method (digital camera)
and the proposed experimental method (IVUS) for measuring the outer diameter was
tested in five vessels. Outer diameter measurements were obtained with the digital
camera and IVUS at 48 data points per animal (n = 240). Figure 3.6A shows the
relationship between the IVUS measurement and the digital camera measurement.
The relationship is described by y = 1.05x + 0.06 with an R2 value of 0.96. The
y-intercept indicates that IVUS overestimated the outer diameter by 6.46 %. Figure
3.6B is the Bland-Altman analysis. The Bland-Altman shows the difference and
average values of the outer diameters measured by IVUS and the digital camera. The
mean difference between the two methods was 0.46 mm with a standard deviation of
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A 
B 
Fig. 3.6. Accuracy of IVUS in measuring the outer diameter of the
vessel. A: The identity relationship between the IVUS measurement
and the digital camera measurement, with the solid black line as the
identity line. B: Bland-Altman analysis. SD, Standard deviation.
Figure shows grouped average for n = 240 (48 images per vessel for 5
vessels).
0.25 mm. Of the 240 images compared, there were 11 data points greater than 2 SD
away from the mean and hence, were removed from analysis.
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3.2.3 Incompressibility
Incompressibility assumes that the volume of the vessels wall does not change.
The product of the three directional stretch ratios (λθλzλr) indicates the change in
volume. If a vessel is incompressible, then the change in volume is equal to one. The
radial stretch ratio (λr), the circumferential stretch ratio (λθ), and the axial stretch
ratio (λz) were experimentally obtained for six control swine common iliac arteries, six
control canine common iliac veins, and six diseased canine common iliac veins. Since,
both arteries and veins were studied, the loaded condition was used to normalize the
data. The 5 mmHg loaded condition was used as the reference configuration. Ideally
the 0 mmHg condition would have been used as the reference condition, but that data
point was not available for all vessels [42]. The product of the three stretch ratios
was determined at 100% physiologic axial length. Figure 3.7 shows the change in wall
volume of arteries, control veins, and diseased veins. The bold solid horizontal line
represents the incompressibility assumption which assumes that the change in volume
is equivalent to one. A 1-sample t-test was performed with a hypothesized mean of
1. There was significance between the experimental mean of both the veins and the
hypothesized mean, but there was no significance found between the experimental
mean of the artery and the hypothesized mean of 1 (p = 0.11). The change in volume
for arteries was 0.97 ± 0.02. All experimental results produced (λθλzλr) values that
are less than one. Additionally, there was a significant increase in the change in
volume between control (0.64 ± 0.04) and diseased (0.76 ± 0.04) veins.
3.2.4 Pressure-Diameter Relation
The pressure-inner diameter curves for all five axial loads in both control and
diseased common iliac veins are shown in Figure 3.8. Figure 3.8A shows the change
in inner diameter over pressure for control veins, while Figure 3.8B shows the change
in inner diameter over pressure for diseased veins. The pressure-inner diameter curves
were non-linear. In both tissues and at all axial loads, the vessel was more distensible
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Fig. 3.7. The product of the three directional stretch ratios (change in
volume) for control arteries, control veins and diseased veins at 100%
physiologic length. The 5 mmHg loaded condition was used as the
reference state. Figures shows grouped average for n = 6 dogs. Mean
± SE. ∗ p < 0.05 vs. hypothesized mean of 1. † p < 0.05 vs. control
vein
at lower pressures. Between 0 mmHg and 30 mmHg, small changes in pressure resulted
in significant changes in inner diameter. After 30 mmHg the inner diameter begins
to plateau and large changes in pressure resulted in minor changes in inner diameter.
Additionally, the axial load significantly affected inner diameter at lower pressures
(0-30 mmHg). After 30 mmHg the axial load did not significantly affect the inner
diameters. Thus, at lower pressures and at lower stretch ratios the vessel started off at
a higher inner diameter. As the stretch ratio increased the inner diameter was smaller
at a given lower pressure. The control and diseased veins acted similarly and showed
similar non-linear trends. However, in the diseased vessel, the difference between
inner diameters at axial stretch ratios larger than 90% is much greater, particularly
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at 110% physiologic length where the pressure-inner diameter curve was more linear
and did not plateau until ∼50 mmHg.
 
A 
B 
Fig. 3.8. Change inner diameter over pressure of the common iliac
veins for the five axial loading conditions. A: Pressure-Inner diameter
curves for control canine common iliac veins. B: Pressure-Inner diam-
eter curves for diseased canine common iliac veins. Circles = Control
tissue and Squares = Diseased tissue. Figures shows grouped average
for n = 9 dogs. Mean ± SE.
49
Figure 3.9 displays the inner diameter, outer diameter, and thickness versus pres-
sure for control and diseased common iliac veins stretched to 100% physiologic length.
Control tissue is represented as circles while diseased tissue is represented as squares.
The black symbols represent outer diameter, the no fill symbols represent the inner
diameter, and the shaded symbols represent thickness. As pressure increases the in-
ner diameter and outer diameter increased non-linearly, while the thickness decreases
non-linearly as pressure increased. The inner and outer diameters of diseased and
control veins were not significantly different and did not display a distinct pattern or
trend. However, at any given pressure the thickness of the diseased veins was always
larger than the control vein. Second order polynomial trend lines were fit to the
control and diseased thicknesses. For the control vessel the equation of the trend line
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Fig. 3.9. Pressure-diameter curves of the inner and outer diameter of
control and diseased common iliac veins at 100% physiologic length.
The resulting thickness is plotted against the second axis. Second
order polynomial trend lines (solid lines) were fit to the control and
diseased thicknesses. Circles = Control tissue and Squares = Diseased
tissue. Figures shows grouped average for n = 9 dogs. Mean ± SE.
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was y = .00006x2 − .053x + .5293 with a R2 = 0.90, while the equation of the trend
line for the diseased vessel was y = .00005x2 − .005x+ .5942 with a R2 = 0.87.
3.2.5 Pressure-Axial Kirchhoff Stress Relation
The axial Cauchy stress and Kirchhoff stress were calculated using equations (2.21)
and (2.23) with respect to the zero stress condition. Figure 3.10 shows the axial
Kirchhoff stress over pressure in both control (Figure 3.10A) and diseased (Figure
3.10B) veins. Both graphs represent the axial Kirchhoff stress-pressure relationship
to be linear with a small slope. The horizontal nature of the relation indicates that
pressure had only a slight effect on the axial Kirchhoff stress. There was no significant
difference between the axial Kirchhoff stressed of control and diseased vessels at the
no axial load or 80% physiologic length state. However, for 90% physiologic length
axial stretch and above, the diseased vessels exhibited higher axial Kirchhoff stress
than the control vessel at a given pressure.
3.2.6 Mechanical Remodeling
The circumferential Cauchy stress was calculated using equation (2.22) with re-
spect to the zero stress condition. Based off the animal model, it was known that the
maximum FVP the control common iliac veins experienced was ∼7 mmHg, while the
diseased veins experience an average maximum FVP ∼20 mmHg. If all veins respond
the same as arteries do to hypertension, then the circumferential Cauchy stress in the
diseased vessel at the hypertensive pressure (20 mmHg) would be equal to the cir-
cumferential Cauchy stress in the control vessel at the baseline pressure (7 mmHg).
Assuming a linear relationship exists between Cauchy stress and pressure, the cir-
cumferential Cauchy stress at 7 mmHg was obtained through interpolation (7.86 ±
0.65 kPa) and plotted (Control; 7 mmHg). This value (Control; 7 mmHg) represents
what after 8 weeks of chronic reflux the circumferential Cauchy stress should be at
20 mmHg if the vein remodeled like an artery under hypertension and fully compen-
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A 
B 
Fig. 3.10. Axial Kirchhoff stress over pressure in canine common iliac
veins for the five axial loading conditions. A: Control venous tissue.
B: Diseased venous tissue. Circles = Control tissue and Squares =
Diseased tissue. Figures shows grouped average for n = 9 dogs. Mean
± SE. Stress calculated with respect to the zero-stress condition.
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Fig. 3.11. Circumferential Cauchy stress for: the control canine com-
mon iliac vein at hypertensive pressure (Control; 20 mmHg), the ex-
perimental diseased canine common iliac vein at hypertensive pressure
(Diseased; 20 mmHg), and the control canine common iliac vein prior
to the increase in venous pressure (Control; 7 mmHg). Figures shows
grouped average for n = 9 dogs. Mean ± SE. Stress calculated with
respect to the zero-stress condition.
sated for the increase in pressure. Additionally, the circumferential Cauchy stress
at 20 mmHg was plotted for both the control (Control; 20 mmHg) and the diseased
(Diseased; 20 mmHg) veins. The resulting plot is shown in Figure 3.11. The cir-
cumferential Cauchy stress in the diseased vessel at 20 mmHg was significantly lower
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than the circumferential Cauchy stress in the control vessel at 20 mmHg (diseased
= 24.09 ± 1.29 kPa; control = 30.02 ± 1.92 kPa; p = 0.02). However, eight weeks
post-injury the circumferential Cauchy stress of the diseased vessel at 20 mmHg was
still significantly higher than the control circumferential Cauchy stress prior to the
increase in pressure (p = 0.00).
Based off the experimental Kirchhoff stresses and Green strains, the material
constants for each vessel at each axial stretch ratio was calculated mathematically
using equation (2.27) and (2.28). All stresses and strains were calculated with respect
to the zero stress condition. The material constants for both control and diseased veins
at each axial stretch ratio is shown in Figure 3.12. The scaling factor (C) increased as
axial stretch ratio increased in both control and diseased vessels. The circumferential
proportionality constant (α1) decreased as the axial stretch ratio increased in both
control and diseased vessels. The axial proportionality constant (α2) did not have
a noticeable trend. Lastly, α4 which is the constant that refers to the cross talk
between the circumferential and axial direction, like α1, decreased as axial stretch
ratio increased in both control and diseased tissue. All material constants at all axial
stretch ratios were larger for the control veins than the diseased veins. The correlation
coefficient for the fit of the experimental data to the mathematical formulation, in the
circumferential direction was between 0.95 and 1.00, while the correlation coefficient
in the axial direction was between 0.83 and 0.99.
The circumferential Kirchhoff stress and Green strain were calculated using equa-
tion (2.24) and (2.20) with respect to the zero stress condition. Figure 3.13A shows
the stress-strain curves for the control common iliac vein at the five axial stretch
ratios. Figure 3.13B shows the stress-strain curves for the diseased common iliac vein
at the five axial stretch ratios. Figure 3.13C shows the stress-strain curves for the
control and diseased common iliac vein at the 100% physiologic axial stretch ratio.
Using the material constants in Figure 3.12, a Fung-type exponential model was fit
to the stress-strain curves. As the axial stretch ratio increases, the curve is shifted up
and to the left for both control and diseased vessels. Figure 3.13C illustrates that the
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C (kPa) 𝛼_1 𝛼_2 𝛼_4
S_θθ S_zz
No Axial Load 
Healthy 8.36E-05 1.32E+01 N/A 1.87E+01 0.95 0.98
Diseased 1.98E-03 1.15E+01 N/A 1.48E+01 0.96 0.97
80% Physiological 
Healthy 5.43E-04 3.04E+00 3.53E+00 1.19E+01 0.98 0.99
Diseased 2.00E-03 3.32E+00 8.40E+00 8.65E+00 0.98 0.99
90% Physiological
Healthy 7.41E-04 2.76E+00 1.75E+01 2.44E+00 0.99 0.83
Diseased 9.77E-03 2.03E+00 1.36E+01 1.84E+00 0.98 0.86
100% Physiological
Healthy 8.93E-02 2.02E+00 6.62E+00 2.00E-03 0.97 0.97
Diseased 1.52E+00 9.10E-01 3.35E+00 4.95E-01 0.97 0.97
110% Physiological
Healthy 5.19E-02 1.95E+00 4.19E+00 3.39E-01 0.99 0.97
Diseased 2.37E+00 6.63E-01 1.91E+00 5.17E-01 1.00 0.92
(nondimensional)
Correlation Coef
Fig. 3.12. Material constants for control and diseased canine common iliac veins.
diseased veins stress-strain curve is uniformly shifted up and to the left indicating that
at a given strain, the circumferential Krichhoff stress was higher in the diseased vein
than the control vein. The Fung-type exponential model fits all data points well at
the 110%, 100%, and 90% physiologic axial stretch ratios. However, at lower stresses
in the no load and 80% physiologic axial stretch ratios, the Fung-type exponential
model does not characterize the experimental data as accurately.
3.3 Microstructural Remodeling
Figure 3.14 displays the histological and merged SHG/TPEG images produced
for both a control common iliac vein and a diseased common iliac vein at the no load
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condition. Visually comparing Figure 3.14A and Figure 3.14B, there was a noticeable
difference in total wall thickness as well as the intimal-medial thickness. Figure 3.15
confirms this visual observation. The total wall thickness significantly increased from
0.44 ± 0.03 mm in control venous tissue to 0.68 ± 0.03 mm in diseased venous tissue.
Similarly, the intimal-medial thickness significantly increased from 0.04 ± 4.68E−3
mm in the control venous tissue to 0.11 ± 4.70E−3 mm in the diseased venous tissue.
The media makes up 9.07 ± 0.98 % of the total wall thickness in control venous
tissue compared to 13.61 ± 0.88 % in the diseased venous tissue. This increase is
statistically significant (p < 0.001).
MPM was used to depict the elastin using TPEF and the collagen using SHG. The
percent area of the total wall area each constituent made up was calculated. Figure
3.16 shows the collagen to elastin ratio of the venous wall for control and diseased
common iliac veins. The collagen to elastin ratio significantly increased from 1.38 ±
0.08 in control venous tissue to 2.63 ± 0.29 in diseased venous tissue (p = 0.008).
Figure 3.17 shows that the both the percent area of both collagen and elastin in the
total venous wall decreased in the diseased tissue. However, only the decrease in
percent area of elastin had statistical significance. The decrease in collagen content
from a percent area of 34.42 ± 2.45 % in control tissue to a percent area of 28.31 ±
2.07 % in diseased tissue was not significant (p = 0.89). The significant increase in
collagen to elastin ratio was due to the decrease in elastin from 25.57 ± 2.81 % in
control tissue to 11.42 ± 1.55 % in diseased tissue (p = 0.003).
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A 
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C 
Fig. 3.13. Circumferential Kirchhoff stress-Green strain curves for
canine common iliac vein. A: Control vein at the five axial loads. B:
Diseased vein at the five axial loads. C: Control vs. Diseased vein
at 100% physiologic length. Figures shows grouped average for n =
9 dogs. Mean ± SE. Stress and strain calculated with respect to the
zero-stress condition. Each axial load is fit with its corresponding
Fung model.
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Fig. 3.14. Histological and merged SHG/TPEG images of the common
iliac venous wall for control and diseased veins. A: Histological section
of a control canine common iliac vein. B: The histological section of
a diseased canine common iliac vein. C: Merged SHG/TPEG image
of a control canine common iliac vein. D: Merged SHG/TPEG image
of a diseased canine common iliac vein. ←→ indicates intimal-medial
thickness.
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Fig. 3.15. Total wall thickness and intimal-medial thickness at the
no load condition in control and diseased canine common iliac veins.
Thicknesses measured from histological section images. Figure shows
grouped average for n = 6 dogs. Mean ± SE. ∗ p < 0.05 vs. control.
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Fig. 3.16. Collagen to elastin ratio in control and diseased common
iliac venous tissue using MPM. Figure shows grouped average for n
= 6 dogs. Mean ± SE. ∗ p < 0.05 vs. control.
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Fig. 3.17. Percent of collagen and elastin within the venous wall
of control and diseased common iliac veins. Figure shows grouped
average for n = 6 dogs. Mean ± SE. ∗ p < 0.05 vs. control.
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4. DISCUSSION
Current knowledge of venous tissue, in both the healthy and the diseased states, is
substantially behind the knowledge of arterial tissue. The basic concepts and inves-
tigation of vascular biomechanics pertaining to the arterial wall are well established,
while the investigation of biomechanical properties of the venous tissue is limited. The
investigations of the biomechanical properties of the venous wall that do exist, mainly
focused on the remodeling of veins exposed to non-physiologic, static hypertension
(i.e. gravitational loading) [8,32,33] or veins exposed to an arterial environment (i.e.
high pressures and pulsatile flow) [30, 39, 69, 71]. In these studies, the biomechanical
properties of the veins are obtained by using the existing principles and assumptions
established in arterial wall mechanics. However, as discussed in Chapter 1, it is known
that veins are hemodynamically, functionally, and structurally different from arteries.
Thus, not all assumptions may directly translate. This thesis set out to test a key
assumption, the incompressibility assumption, which is well established in arterial
wall mechanics, but not tested in venous wall mechanics. Additionally, this thesis
set out to expand the current knowledge of venous tissue by investigating the venous
remodeling that occurs, both mechanically and structurally, when exposed to venous
retrograde flow (reflux) and hypertension.
Venous retrograde flow (reflux) due to venous valve incompetence is the prevail-
ing theory in the etiology of venous hypertension [6]. The primary objective of this
thesis is to quantify the passive biomechanical response and structural remodeling of
venous tissue subjected to chronic venous hypertension due to reflux. First, it was
hypothesized that, if the venous wall was subjected to venous hypertension due to
chronic venous reflux, then the passive mechanical properties of the venous tissue will
remodel such that the tissue will become stiffer. Secondly, it was hypothesized that,
if the venous wall was subjected to venous hypertension due to chronic venous reflux,
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then the overall thickness of the wall would increase in addition to the composition of
collagen and elastin in the wall changing. However, no model exists which is hemo-
dynamically relevant to what is seen clinically. Thus, in order to investigate these
hypotheses, a novel reflux induced hypertensive large animal model was implemented.
The common iliac veins were investigated in this novel animal model using a novel
experimental method.
4.1 Novelty
No studies have looked at the passive biomechanical properties of control or dis-
eased canine common iliac veins. Prior to this study, venous research focused on the
biomechanics of the vena cava [29,63,69,80], the femoral vein [30,31], and the saphe-
nous vein [14,32,38–40,71,81]. However, workload and functional requirements of the
veins are not consistent throughout the venous system [82]. Therefore, the biome-
chanical properties differ depending on the veins location within the venous vascular
tree [83]. The variability in venous structure negates quantitative comparison of the
data obtained in this thesis against existing data in the literature. However, the re-
lationship and mechanical properties of venous tissue have been well established in
other studies, focusing on other species (i.e. rabbits) and veins (i.e. femoral vein).
The biomechanical data obtained using the novel experimental method, inflation-
extension protocol combined with IVUS, was instead qualitatively compared to these
established trends and relationships of the mechanical results (pressures-diameter and
stress-strain) found in literature.
The passive mechanics of control and diseased canine common iliac veins were de-
termined by integrating the conventional inflation-extension protocol with intravascu-
lar ultrasound (IVUS). Prior to this study, veins were assumed to be incompressible in
order to analytically and experimentally simplify the problem [71]. The incompress-
ibility assumption allowed for the inner diameters to be theoretically calculated using
the loaded condition outer diameter and the zero stress condition thickness. However,
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no material remains incompressible under all loads and conditions. Therefore, this
assumption is not an exact representation of physics [28, 84]. Assumptions should
be based primarily on the physics, not mathematical convenience. Using IVUS in
conjunction with the conventional inflation-extension protocol allowed for the inner
diameter to be directly measured in each loaded condition and the incompressibility
assumption to be disregarded. Using the experimentally obtained inner and outer
diameters, the actual change in wall volume was able to be calculated at each loaded
condition.
If the wall of a vessel is incompressible, the calculated actual change in wall vol-
ume will always be equal to 1, despite the applied load. Experimentally, it was found
that the mean volume change in arteries at physiologic length was not significantly
different from 1. This finding supports the literature which has established that
incompressibility is a reasonable assumption in arterial wall mechanics [28, 62, 85].
Additionally, this finding supports the initial hypothesis that if IVUS is integrated
with the conventional inflation-extension protocol then the calculated mean volume
change will be equal to 1 validating that the arterial wall is incompressible. Unlike
arteries, the control veins did experience a mean volume change significantly lower
than 1 (Figure 3.7). A decrease in volume indicates that water was expelled from
the venous tissue during the loading procedure. This significant decrease in volume
suggests that, under the loaded conditions studied, the venous wall is more permeable
to water than the arterial wall. Permeability is the ability of the vessel wall to allow
liquid to pass through it and is inversely proportional to the wall thickness [86]. A
predominant structural difference between the veins and arteries is the overall thick-
ness of the vessel wall [15]. This infers that the arterial wall has a lower permeability
than the venous wall, since arteries are thicker than veins. This is supported by
Sarelius et al. whom has demonstrated that the permeability of control arterioles is
significantly lower than the permeability of control venules [87]. Thus, due to the
veins higher permeability and resulting decrease in wall volume during the loading
procedure, incompressibility is not a reasonable assumption in venous wall mechan-
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ics, when studied in vitro; thus, disproving the hypothesis that the incompressibility
assumption can be applied to venous wall mechanics.
Due to the significant decrease in wall volume and the increase in permeability, it
is presumed that the in vitro observation (that the incompressibility assumption is not
applicable to venous tissue) would also hold true in vivo. However, in this study the
surrounding tissue was dissected away and the mechanical contribution and external
forces exerted by the surrounding tissues in vivo were not considered [34, 88–90].
Therefore, the observation that the incompressibility assumption is not applicable
to venous tissue may be a result of the experimental preparation since the external
pressure, due to surrounding tissue was not accounted for [91]. In vitro, the external
pressure exerted on the wall was always equal to or lower than the internal pressure.
In vivo, the osmotic pressure due to the surrounding tissue will be higher, than in the
in vitro studies, which may potentially be able to oppose water from being expelled
from the venous tissue during the loaded condition. It is not known the degree to
which the presence of external force will prevent volume change, but based off the
decreases in wall volume and the higher wall permeability, observed in vitro; it seems
unlikely the presence of external forces would render the venous wall incompressible.
A novel large animal model of chronic venous reflux was introduced to investigate
the biomechanical and microstructural remodeling of the common iliac vein exposed
to chronic venous reflux and hypertension. Chronic venous reflux was created by
disrupting the chordae tendineae by pulling a cutting device retrograde across the
tricuspid valve from the right ventricle to the right atrium producing an injured
tricuspid valve. This model demonstrated that disruption of the chordae tendineae
produces an immediate increase in mean right atrial pressure and maximum jugular
venous pressure. Detectable reflux flow began immediately, and notable pulsatile
venous flow was observed. An immediate increase in reflux mirrored the immediate
change in the femoral venous pressure. After the creation of mean reflux, there was
no significant change in reflux fraction or FVP throughout the entire eight week
duration of the study. Contrary to what has been clinically seen in CVI and in
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previous hypertensive models [24], there was no in vivo dilation, or contraction, of
the inner lumen observed. This may be due to the time points studied as well as the
flow conditions. IVUS measurements were not made in vivo at the eight week mark
(euthanization), thus it could be possible that dilation occurred in the last four weeks.
Additionally, the common iliac veins were exposed to a 3-fold increase in maximum
pressure which was significant enough to induce remodeling, but not enough to induce
dilatation or contraction. These findings support the initial hypothesis that when the
tricuspid valve was removed; the resulting venous reflux would create a significant
increase in pressure (venous hypertension).
When the wall volume change of the veins exposed to chronic venous reflux was
experimentally calculated, it was found that these diseased veins act similarly to
the control veins, such that changes in volume were significantly lower than 1 and
different from the control arteries. Histological evaluation showed that the wall of
diseased vein was significantly thicker than the wall of the control vein after eight
weeks of chronic reflux. It has been previously stated that permeability is dependent
on wall thickness. Thus, it can be expected that the thinner control common iliac
veins were more permeable to water than the thicker diseased common iliac veins.
The experimental results support this, showing the wall volume change observed in
diseased veins is less severe than the wall volume change observed in control veins
(Figure 3.7). Thus, diseased veins were found to be less incompressible than arteries,
but not as compressible as control veins. This suggests that the microstructural
remodeling (i.e. hypertrophy) due to chronic reflux and hypertension decreased the
permeability of the vein wall.
4.2 Biomechanical and Microstructural Remodeling
The objective of biomechanics is to develop, adapt, and apply the laws, theo-
ries, and principles of mechanics to answer questions of clinical importance [28]. The
biomechanical properties of vascular tissue and their underlying microstructure can
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aid in the understanding of the basic function of the vessel as well as the development
of disease pathology [40]. The biomechanical properties, at all loaded conditions, were
determined experimentally using the zero stress condition as the reference configu-
ration. All zero stress condition parameters were significantly different in diseased
common iliac veins and control common iliac veins. The open angle of the diseased
vein was significantly higher than the control vein. These findings signify that the
residual stress in the diseased veins were higher than the control vein, implying there
was more stress in the diseased vein wall. The physiologic stretch ratio of the control
common iliac veins was found to be 1.62 ± 0.02 which is slightly lower than what
has been found in the vena cava (∼2) [63]. No difference was found between the
physiologic stretch ratios of the diseased and control veins, which indicate that the
vessel did not significantly remodel in the axial direction. It was proposed that the
majority of remodeling occurred in the circumferential direction.
When the biomechanical properties were calculated, a leftward shift of the circum-
ferential Kirchhoff stress-Green strain curve was observed in both control and diseased
veins, as the axial stretch ratio was increased. It was found that veins became stiffer
in the circumferential directions as axial load was increased. The circumferential
stress-strain curves of the control and diseased veins both demonstrated the J-shaped
behavior typical of soft tissue [12, 92]. The passive mechanical response of veins is
contributed by elastin and collagen [93]. The low-strain stiffness reflected in the
stress-strain curve is referred to as the toe region. The toe region is determined by
the elastin content and microstructure. The high-strain stiffness, represented by the
second linear region of the stress-strain curve, represents the pseudoelasticity of the
material and is determined by the collagen fibers [12,70]. The circumferential stress-
strain curves show a pronounced transition from the toe region to the second linear
region at a pressure of ∼20 mmHg in control veins. In diseased veins it was found
that the pronounced transition from the toe region to the second linear region occurs
at ∼15 mmHg. The pronounced transition from the toe region to the second linear
region has been found to reflect the relatively inextensible collagen fibers coming into
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play [31]. When the pronounced transition occurs at a lower pressure, a shorter toe
region is produced. This implies that the collagen fibers were recruited and the elastin
was no longer the determinate of stiffness at a lower pressure in diseased veins. Since
the mechanical response is contributed by elastin and collagen, the circumferential
stress-strain curves alone suggest that the collagen to elastin ratio increased as a re-
sult of chronic venous reflux and hypertension. Additionally, at a given axial load,
the diseased circumferential stress- strain curve was uniformly shifted up and to the
left, indicating that, at a given Kirchhoff stress, the resulting Green stain is lower in
diseased veins than control veins. These findings support the hypothesis that veins
stiffen and the composition of collagen and elastin in the wall changes when exposed
to chronic venous reflux and hypertension.
The experimental circumferential stress-stain curves suggested that the collagen
to elastin ratio increased as a result of chronic venous reflux and hypertension. MPM
showed a significant increase in the collagen to elastin ratio due to chronic hyperten-
sion. This finding supports the initial assumption made based off the experimental
circumferential stress-strain curves. However, it was found that the relative amount
of collagen within the venous wall did not significantly change between control and
diseased tissue. The significant increase in the collagen to elastin ratio was the result
of a significant decrease in the relative amount of elastin within the venous wall. This
finding is supported by results by Watts et al. which state that under chronic reflux
and hypertension redistribution and reorganization of the extracellular matrix occurs,
particularly altered collagen composition and diminished elastin content [4,29,94,95].
In order to validate the results found using MPM, the experimental collagen to
elastin ratio as well as the morphology and microstructure of the control canine
common iliac vein were compared with the findings of Zocalo et al. [83]. Zocalo et
al. [83] measured the elastin and collagen in the vena cava and femoral vein of a sheep
using the Cajal-Gallego staining method. Figure 4.1 shows the histological analysis
done by Zocalo et al. in an ovine femoral vein. This histological analysis done in
this study shows similarities to the morphological structure and microstructure seen
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in Figure 3.14. The vena cava was found to have a collagen to elastin ratio of 1.69,
while the femoral vein was found to have a collagen to elastin ratio of 1.04. Since the
common iliac vein is physiologically between the vena cava and the femoral vein, a
collagen to elastin ratio of 1.38 ± 0.08 is assumed reasonable. The initial hypothesis
states that, if the venous wall was subjected to venous hypertension due to chronic
venous reflux, then the overall thickness of the wall would increase in addition to
the composition of collagen and elastin in the wall changing. The findings from the
MPM confirmed that, when the venous wall was subjected to venous hypertension
due to chronic venous reflux, the composition of collagen to elastin within the wall
increased. A histological evaluation was performed in order to evaluate if the overall
thickness of the wall also increased as a result of venous hypertension due to chronic
venous reflux.4 ISRN Physiology
Elastin Muscle Collagen Total
Femoral vein
Figure 2: Illustration of the histological analysis processing stages in an ovine femoral vein. Bottom panel: characteristic colors of the
histological preparations, from left to right: elastin, smooth muscle, collagen, and the original image, where the three integrated constituents
can be visualized throughout the vascular wall. Top panel: similar discrimination with assigned fictional colors that allow a clearer
visualization of the location of each wall constituent. Note the thin layer of smooth muscle and the large amount of elastic tissue.
Elastin Muscle
Jugular vein
Collagen Total
Figure 3: Illustration of the histological analysis processing stages in an ovine jugular vein. Bottom panel: characteristic colors of the
histological preparations, from left to right: elastin, smooth muscle, collagen, and the original image, where the three integrated constituents
can be visualized throughout the vascular wall. In the top panel, several thin muscular layers are visualized in the media.
(version 18.0, Statistical Package for the Social Sciences) was
used to undertake all statistical analyses.
3. Results
In Table 1, the hemodynamic parameters obtained during in
vitro studies of the nine analyzed vessels show the isobaric
and isofrequency (equal pressure and stretch-rate) conditions
to which all vein segments were submitted. As expected,
the obtained diameter values showed significative differences
among them (𝑃 < 0.05).
The elastic analyses demonstrated that high-pressure
compliance values were consistently lower than those cal-
culated for low-pressure compliance values (𝑃 < 0.05), in
jugular, cava, and femoral veins. Both low- and high-pressure
compliance values calculated for vena cava segments were
higher than those corresponding to jugular and femoral vein
segments (𝑃 < 0.05). On the other hand, the low and high-
pressure compliance values calculated for femoral vein seg-
ments were the lowest (𝑃 < 0.05) (Table 2).
The histological analyses show structural differences
among the three studied venous segments. In Figures 2, 3, and
4, there are differences in the smooth muscle cell arrange-
ment. In femoral veins, the thin muscular layer was located
very close to the intima; in jugular veins, several thin layers
were observed all through the media layer, while in the vena
cava, several parallel thin layers were found close to the
intima. They coexist with wide bundles of striated muscle
placed in the media and external layers.
Table 3 shows that the relative value of smooth muscle
measured in the vena cava was lower than that observed in
the jugular vein (𝑃 < 0.05), while the comparison with the
femoral vein shows a nonsignificative increase. This was also
Fig. 4.1. Histological analysis in an ovine femoral vein show the loca-
tion of each wall constituent. Left to right: elastin, smooth muscle,
collagen, and the original image [83].
Histological results show that, in the no load condition, the total venous wall
thickness and the intimal-medial thickness both significantly increased in response to
chronic venous hypertension. Additionally, the pressure-diameter curves show that,
when the inner and outer diameter curves for the control and diseased vessels at the
same axial stretch ratio are plotted together, there was no significant shift of the
diameter curves. This indicated that there was no visible dilation caused by eight
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weeks of chronic reflux. However, the thickness curve is significantly shifted upwards
after eight weeks of chronic reflux, indicating that in the loaded condition, the total
venous wall thickened in response to chronic venous hypertension.
Wall hypertrophy is a mechanical adaption phenomenon seen in arterial walls in
response to increased pressure [31]. Veins introduced into the arterial system for the
use as a bypass graft exhibit similar adaptation mechanisms as arteries in response to
hypertension [96]. When saphenous veins are introduced into the arterial system for
use as a bypass graft, they experience a significant change in intraluminal pressure,
blood flow and cyclic loading due to pulsatility [36]. Two structural changes occur
when veins are exposed to arterial pressure and flow conditions: intimal hyperplasia
and medial thickening. These two structural changes are a result of two different
stimuli. Intimal hyperplasia is a result of abnormal flow characteristics at the blood-
intima interface, while medial thickening is likely due to chronic high pressure [39].
It has been observed that when a vein is introduced into the arterial environment,
the vein will first undergo thickening to restore the wall circumferential Cauchy stress
to a normal value under hypertension. Several weeks later, the inner diameter will
enlarge in response to blood flow changes, in order to restore shear stress to normal
values [70].
Assuming that the common iliac vein remodels in a similar fashion as an arteri-
alized vein, after eight weeks of chronic reflux and hypertension the circumferential
Cauchy stress would be expected to have been reduced back to 7.86 ± 0.65 kPa
(Figure 3.11). However, results show that the circumferential Cauchy stress did sig-
nificantly decrease due to remodeling (24.09 ± 1.29 kPa), but not to the extent where
the stress was reduced to the control (7.86 ± 0.65 kPa). Similarly, in vivo inner diam-
eter measurements found no significant dilation of inner lumen due to two weeks of
reflux. However, IVUS measurements were not made in vivo at the eight week mark,
thus it could be possible that dilation occurred in the last four weeks. Using the inner
diameter found at 20 mmHg at 100% physiologic length in the diseased vessel at the
eight week mark, inner diameter (9.04 ± 0.38 mm) still indicates that no significant
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dilation or contraction occurred due to eight weeks of chronic reflux (when compared
to baseline: 10.14 ± 0.36 mm and four weeks: 10.07 ± 0.26 mm).
The common iliac veins were exposed to a 3-fold increase in maximum pressure
(∼7 mmHg to ∼20 mmHg), a 2-fold increase in mean pressure (∼5 mmHg to ∼10
mmHg) for eight weeks, and an average mean reflux fraction of 26%. The PWV
tracings indicate that the venous flow within the common iliac vein became pulsatile
after the creation of reflux. The results suggest that the increase in pressure in
response to chronic reflux were significant enough to induce medial thickening, and
the flow characteristics at the blood-intima interface were significant enough to create
intimal hyperplasia, but not enough to induce vessel dilation within the first 6 weeks.
Thus, common iliac veins exposed to chronic venous reflux for eight weeks do not
remodel in a similar fashion as arteries or veins introduced into the arterial system.
These results suggest that remodeling laws of veins may be dependent upon the type
and/or intensity of the biomechanical stimulus driving the remodeling process.
In summary, removal of the tricuspid valve created chronic venous reflux. As a
result of venous reflux, the venous pressure within the common iliac vein chronically
increased. In response to venous hypertension and reflux, the venous wall thickened
and the elastin content within the venous wall decreased, producing a stiffer vein.
When the vein stiffened, the vein became less compliant. Venous pathology develops
when venous pressure is increased and the venous return of blood is impaired [3].
Reduction in the compliance of the vein impairs the venous return of blood. Coupled
with venous reflux, venous blood starts to accumulate within the lower limbs, raising
the blood pressure and causing the vein to distend. Results show that the common
iliac veins of the animal model exhibited signs of hypertension and wall stiffening but
did not show distension. However, it may be deduced that if this model was extended
out to 3 months, distension of the veins will occur. Distension of the veins causes
the venous valves to be incompetent. As the valves become incompetent, the venous
pressure in surrounding tissue and capillaries rises. Increased venous hydrostatic
pressure causes a shift in the venous hemodynamics with changes in the wall shear
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stress. This initiates the inflammatory cascade [24], leading to the manifestation
of the primary clinical indicators of CVI, which are dilated veins, edema, leg pain,
and skin changes [3]. Thus, the venous remodeling due to the hypertension created
by venous reflux implicates reflux as the prevailing theory in the etiology of venous
hypertension.
4.3 Experimental Limitations of the Study
Certain limitations with the methodology of this study need acknowledgement.
The effects of VSMCs on the mechanical properties and remodeling were neglected.
It was assumed that the effects of the passive mechanical properties due to VSMCs
were negligible and that the passive response results were solely from the mechanical
properties of the elastin and collagen. VSMCs are known to play a role in the both
passive and active mechanical properties, remodeling, and stress reduction of vascular
walls due to hypertension [97]. Future studies should investigate the role of VSMCs
associated with active as well as the passive biomechanical properties.
It was assumed that the axial stretch was unchanged during the inflation process.
The axial changes during inflation were recorded using the digital camera images
taken to compare the accuracy of IVUS. It was observed that the axial stretch during
the inflation was small. Future improvements will allow tracking of movements in the
axial direction using a video camera and tracking software.
IVUS was found to overestimate the outer diameter of both veins and arteries
by 6.46% when compared with measurements made by the digital camera. By us-
ing IVUS, the ability to directly measure the inner diameter was gained, but the
accuracy of the outer diameter measurement was slightly compromised. A more true
measurement of outer diameter would be found using the conventional digital camera
method. However, when comparing thicknesses, diameters, and mechanical proper-
ties obtained from the IVUS images to past studies, the slight overestimation does
not significantly affect or skew the biomechanical analysis. Future advances should
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integrate the tracking software and digital camera to measure outer diameter and
IVUS for inner diameter.
In regards to the mathematical modeling aspect of this study, the exponential
Fung-type SEF was fit to the experimental mechanical data. Two general approaches
exist in order to describe the mechanical behavior of soft tissue using SEFs: phe-
nomenological and structural. In phenomenological approaches, the mathematical
expression is chosen to reflect the biomechanical behavior of the wall, but the mate-
rial constants do not necessarily have any physical meaning. In structural approaches,
each wall constituents individual contribution to the SEF is accounted for and the
material constants correspond to some physical properties of the tissue (i.e. wall
fractions of elastin and collagen) [72]. The exponential Fung-type SEF uses the phe-
nomenological approach to describe the mechanical behavior of the venous tissue.
Thus, the obtained model and material constants in this study mathematically ex-
press the results of the observed phenomenon, but does not correspond to physical
properties of the venous tissues microstructure.
Lastly, MPM imaging is a semi-quantitative analytical approach to obtaining the
wall fractions of elastin and collagen. Future improvements will introduce collagen
and elastin assays to quantitatively analyze the wall fractions of elastin and collagen.
A fully quantitative approach allows for very little bias and is purely empirical.
4.4 Future Directions
To further strengthen the predictability of the biomechanical data presented, a
SEF that uses the structural approach should be fit to the biomechanical properties
and microstructure of the control and diseased common iliac veins [98]. The structural
approach of Zulliger et al. [99] would take into account the collagen and elastin, which
are the two major wall components bearing load in the passive state. Unlike in the
exponential Fung-type model, the parameters of this model will provide physical
73
significance and yield realistic values, as well as provide a good description of the
passive biomechanical properties of the wall.
The biomechanical properties of venous tissue and their underlying microstruc-
ture can aid in the understanding of the basic function of the vein as well as the
development of disease pathology. After eight weeks of chronic reflux the circumfer-
ential Cauchy stress was not reduced due to hypertrophy to the degree that is seen in
arteries. This may be a result of a longer time period which might have been needed
for it to return to normal or restoration of circumferential Cauchy stress may not be
the biological target for remodeling of the vein in these conditions (venous reflux and
venous hypertension). Additionally, in response to venous reflux and hypertension,
the venous wall thickened and the elastin content within the venous wall decreased,
producing a stiffer vein. When the vein stiffened the vein became less compliant.
Reduction in the compliance of the vein impairs the venous return of blood. Coupled
with venous reflux, venous blood starts to accumulate within the lower limbs raising
the blood pressure and causing the vein to distend. Results show that the common
iliac veins of the animal model exhibited signs of hypertension and wall stiffening, but
did not show distension. These results indicate the development of venous pathology,
but not manifestation of CVI. In the original animal model, the common iliac veins
studied experienced chronic venous reflux for eight weeks. Further studies should be
done obtaining the biomechanical properties and microstructural data for common
iliac veins which have experienced chronic venous reflux for 3 months or longer. This
would tell if a longer time period is needed to restore circumferential Cauchy stress
to normal values, as well as to exhibit clinical indicators of CVI.
Additional studies should be done to validate that the incompressibility assump-
tion is invalid in venous tissue. If this observation is validated, then the inflation-
extension protocol integrated with IVUS presented in this thesis may be a valuable
tool, particularly when coupled with direct external diameter measurements. Using
this methodology to investigate the mechanical properties of the veins further down
the venous tree (i.e. the femoral vein or the popliteal) in the reflux induced venous
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hypertensive large animal model would provide insight into the progression of venous
pathology. Additionally, further investigation needs to be done to explain and quan-
tify the loss of venous wall volume due to loading. It is hypothesized that the loss
of volume is due to the permeability differences between veins and arteries; however,
this hypothesize was derived from observations made on arteriole and venules. Studies
should be performed to test this hypothesis.
Future studies should also address the venous remodeling and biomechanical prop-
erties of common iliac veins effected by post-thrombotic syndrome and the conse-
quences of stenting [100]. Post-thrombotic syndrome (PTS) is a manifestation of
venous insufficiency following a deep vein thrombosis (DVT). PTS is the consequence
of venous hypertension which leads to impaired venous return [100]. The two main
mechanisms associated with PTS are persistent venous obstruction and venous re-
flux [100], but the symptoms are believed to be caused by outflow obstruction. Bal-
loon dilation and insertion of a stent are used to correct venous obstruction [101].
Valuable insight could be gained comparing the venous remodeling in response to ve-
nous reflux, the venous remodeling in response to venous obstruction, and the venous
remodeling and biomechanical properties of the venous wall after venous stenting.
Lastly, results show that in response to venous reflux and hypertension the venous
wall thickened and the elastin content within the venous wall decreased, producing a
stiffer vein. Further studies should investigate if the stiffening (i.e. remodeling) may
be reversed. If the remodeling may be reversed (i.e. by eliminating reflux, pulsatile
flow and/or hypertension) at what point does it become irreversible. Answers to these
questions may have clinical importance especially in relation to CVI therapies (i.e.
venous valve, stents, and external compression).
4.5 Contributions
The original conception and design of using IVUS in the inflation-extension pro-
tocol was presented to the author by Dr. Ghassan Kassab and Dr. Zachary Berwick.
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From there, the author adapted and built upon the initial concept to create what
you see today. The author executed all data collection and analysis presented. All
methods stated, the author performed with the exception of the animal model and
the running of the MPM. She did not conceptualize and/or create the large animal
model used throughout this thesis. All credit in regards to the animal model goes
to Dr. Zachary Berwick, Mr. Joshua Krieger, Dr. Ghassan Kassab, 3DT, and Cook
Medical. In addition, all surgical procedures pertaining to the animal model were
performed by Dr. Zachary Berwick and Mr. Joshua Krieger. All PWV tracings were
obtained through a combination effort of Dr. Zachary Berwick or Mr. Joshua Krieger
running the ultrasound transducer probe while either Miss Arika Kemp or the author
ran the ultrasound machine and captured the data. Lastly, Dr. Huan Chen ran the
MPM machine. While the author was present, Dr. Huan Chen controlled the settings
and captured the data/images.
All further experiments, data collection, analysis, interpretations, and statistical
analysis were performed by the author. During all three animal procedures she col-
lected and analyzed all pressure and IVUS data and monitored the ECG, RAP, RVP,
and JVP. She also analyzed the PWV images and obtained the reflux fraction. She
harvested all vascular tissue, fixed segments of venous tissue for histology and MPM,
and cleaned loosely connected tissue from the vessels prior to biomechanical testing.
For the biomechanical testing she made the 3 mM EGTA solution, mounted the ves-
sel, and solely ran the inflation-extension protocol. After the biomechanical tests she
cut the three rings, relieved the residual stress, and analyzed the images to obtain the
open angle and zero-stress condition inner and outer diameters. All IVUS images ob-
tained and used in this thesis were taken and measured by her. She performed all the
biomechanical analysis. The Fung-type exponential model was fit to the biomechani-
cal data and the material constants were obtained by her. In regards to the histology,
she rinsed the vessel rings in buffer solution, processed the tissue by dehydration, and
embedded the segments in glycol methacrylate. The author also cut the embedded
segments with a conventional microtome, mounted them on glass slides, and stained
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them with toluidine blue. She photographed the histological sections and obtained
the wall thickness measurements. The slides for MPM were prepared by the author.
She froze the segments in Neg-50 gel, cut the sections using a conventional cryostat,
mounted them on glass slides, surrounded them with solution (which I made), and
encased them with a cover slip. All analysis and interpretations obtained from the
MPM images was performed by the author. Lastly, the writing of this thesis was done
by Miss Margaret Brass with continuous guidance and editing by Dr. Mark Svendsen
and Dr. Zachary Berwick.
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5. CONCLUSION
Using IVUS in conjunction with the conventional inflation-extension protocol allows
for the incompressibility assumption to be disregarded. This study shows that inte-
grating IVUS with the conventional inflation-extension protocol verifies the premise
that the incompressibility assumption can be applied to arterial wall mechanics. How-
ever, results found incompressibility to not be a reasonable assumption in venous wall
mechanics. The conventional inflation-extension protocol in conjunction with IVUS
was utilized to investigate the passive biomechanical response and structural remod-
eling of the common iliac vein subjected to chronic venous reflux and hypertension.
Venous retrograde flow (reflux) is the prevailing theory in the etiology of venous
hypertension. This study shows that removal of the tricuspid valve produced chronic
venous reflux which additionally led to an increase in venous pressure (venous hy-
pertension). Biomechanical results indicate that the veins stiffened and became less
compliant when exposed to eight weeks of chronic venous reflux. The mechanical
stiffening was found to be a result of wall hypertrophy as well as an increase in the
collagen to elastin ratio. The increase in collagen to elastin ratio was found to be a
direct result of the decrease in relative amount of elastin within the venous wall. The
venous wall thickening resulted in the reduction of the circumferential Cauchy stress.
However, after eight weeks of chronic reflux, the circumferential Cauchy stress was
not restored to control levels due to wall thickening and the elasticity and compliance
of the wall were found to decrease. The remodeling phenomena found in the vein were
not similar to those observed in hypertensive arteries or bypass graft veins. These
results suggest that remodeling laws of veins may be dependent upon the type and/or
intensity of the biomechanical stimulus driving the remodeling process.
This study provides a biomechanical understanding of veins with predisposition
for CVI. The biomechanical and morphological characterization of venous remodeling
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is clinically relevant as venous hypertension and impairment of venous return have
been associated with the onset of venous insufficiency. Therefore, development of a
therapeutic rationale for prevention and future reduction of CVI must consider the
biomechanical response and structural remodeling of the venous wall in response to
venous reflux and hypertension.
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